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A l i t e r a t u r e review has i d e n t i f i e d f r e e and weakly complexed 
d i s s o l v e d , as we l l as s o l i d surface a s s o c i a t e d , métal spec i e s as those 
forms most l i k e l y t o be b i o a v a i l a b l e . To analyse b i o a v a i l a b l e Zn, Cd, 
Pb and Cu f r a c t i o n s i n urban runoff a s p e c i a t i o n scheme was devised 
which provided a r e l a t i v e l y r a p i d technique f o r s e p a r a t i n g the 
di s s o l v e d and suspended s o l i d phases of stormwater i n t o appropriate 
f r a c t i o n s . 
A new method, termed Dialysis with Receiving Resins, which responds t o 
b i o a v a i l a b l e métal spec i e s by i n c o r p o r a t i n g a s p e c i a l l y developed 
cysteine r e s i n , w i t h i n a d i a l y s i s membrane, has been devised and 
tested, 
A small s c a l e g u l l y p o t study allowed the i d e n t i f i c a t i o n of s i x major 
processes which a f f e c t métal m o b i l i s a t i o n and t r a n s p o r t , The relevance 
of these processes i s discussed with référence t o g u l l y p o t outflow 
loadings of the différent métal f r a c t i o n s . A c i d r a i n m o b i l i s a t i o n was 
found t o g r e a t l y increase the l e v e l s of b i o a v a i l a b l e f r e e and weakly 
complexed métal f r a c t i o n s . Mass balance s t u d i e s showed th a t Zn, Cd and 
Cu have a résidence time i n the road s u r f a c e / g u l l y p o t System of l i t t l e 
more than one storm event whereas Pb tends t o be more p e r s i s t e n t due 
to i t s prédominant a s s o c i a t i o n with the s o l i d phase. 
The s p e c i a t i o n scheme was a l s o a p p l i e d to the a n a l y s i s of métal 
f r a c t i o n s i n stormwater o u t f a l l samples c o l l e c t e d from urban 
catchments i n Sweden and the U.K. S i g n i f i c a n t concentrations and 
loadings of metals were found f o r both catchments with, on average, 
b i o a v a i l a b l e métal forms re p r e s e n t i n g 68% of the Zn, 76% of the Cd, 
66% of the Pb and 32% of the Cu. I n d i v i d u a l métal spec i e s were found 
to load at différent r a t e s onto métal chemographs and can be explained 
i n terms of C o n t r o l l i n g parameters, as wel l as the i n f l u e n c e of 
m o b i l i s a t i o n and tra n s p o r t processes. 
Cadmium and Cu concentrations i n stormwater were r e g u l a r l y found t o 
exceed Water Q u a l i t y Standards and a l s o to accumulate t a s i g n i f i c a n t 
l e v e l s i n the Dialysis with Recelving Resins method. These metals may 
therefore represent a d i r e c t t h r e a t t o r e c e i v i n g water q u a l i t y . 
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CHAPTER 1 INTRODUCTION 
This t h e s i s considers the f i n d i n g s from a co-operative three year 
p r o j e c t , conducted during the period 1982-1985, between the Urban 
P o l l u t i o n Research Centre, Middlesex P o l y t e c h n i c , U.K. and the 
Department of Sa n i t a r y Engineering, Chalmers U n i v e r s i t y of Technology, 
Sweden. 
1.1 Stormwater P o l l u t i o n Research at Middlesex P o l y t e c h n i c and 
Chalmers U n i v e r s i t y of Technology. 
The i n t e r e s t i n stormwater runoff as a p o t e n t i a l source of r e c e i v i n g 
water p o l l u t i o n , both i n Sweden and the U.K., can be traced back to 
the 1950's (e.g. Wilkinson 1956). The r a p i d c o n s t r u c t i o n of urban 
o v e r s p i l l developments i n the 1960's f u r t h e r concentrated a t t e n t i o n 
upon t h i s p o t e n t i a l p o l l u t i o n problem to r e c e i v i n g waters. 
Combined sewer systems were b u i l t w i t h i n many post-war housing 
developments, although many s m a l l e r , r e s i d e n t i a l o v e r s p i l l areas 
(< 350 ha) were developed using a separate sewer system design. These 
systems discharge impermeable surface runoff d i r e c t l y and without 
treatment to the nearest watercourse. The cost of the doubling of 
sewer c o n s t r u c t i o n i n separate systems was considered t o be o f f s e t by 
the long term economy of s t a b i l i s e d and reduced wastewater flows t o 
the sewage treatment p l a n t s . Any detrimental environmental c o s t s f o r 
the r e c e i v i n g water bodies from stormwater and combined sewer overflow 
e f f l u e n t s were c l e a r l y not of prime concern. Most a u t h o r i t i e s regarded 
the r e c e i v i n g body as p r o v i d i n g s u f f i c i e n t d i l u t i o n c a p a c i t y t o 
safeguard the q u a l i t y and long term standards of the r e c e i v i n g waters. 
D i s t i n c t and s p e c i f i c areas of concern were r a i s e d , i n the e a r l y 
1970's, about the s i t u a t i o n i n both Sweden (Malmqvist 1983) and the 
U.K. ( E l l i s 1976). I t was emphasised that l i t t l e was known about the 
o r i g i n s , t r a n s p o r t and transformations of p r i o r i t y p o l l u t a n t s through 
the stormwater system, both i n terms of immediate and delayed e f f e c t s . 
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I t was a l s o ąuestioned whether s e p a r a t e l y sewered stormwater outflow 
p r i o r i t y p o l l u t a n t concentrations were i n exceedance of those from 
t r e a t e d e f f l u e n t discharges and sewer overflow e f f l u e n t s . Without any 
basie Information on these i s s u e s no r e l i a b l e p r e d i c t i o n s concerning 
the impact of stormwater discharges could be made. 
Ea r l y research by the Department of Sa n i t a r y Engineering, Chalmers 
U n i v e r s i t y of Technology, Gothenburg, Sweden (Lisper 1974) showed that 
runoff from highway surfaces was capable of scavenging s i g n i f i c a n t 
ąuantities of p r i o r i t y p o l l u t a n t s , p a r t i c u l a r l y oxygen demanding 
organics and heavy metals. Conseąuently, a working group was set up i n 
the Department of Sa n i t a r y Engineering and a p r e l i m i n a r y 
i n v e s t i g a t i o n , w i t h i n the Bergsjbn catchment i n Gothenburg, revealed 
that heavy metals were present i n s i g n i f i c a n t concentrations both i n 
r a i n f a l l and stormwater (Horkeby and Malmqvist 1977), The r e s u l t s of 
t h i s e a r l y study are summarised i n Table 1.1 and show that atmospheric 
f a l l o u t can c l e a r l y c o n t r i b u t e s i g n i f i c a n t amounts of metals to the 
t o t a l stormwater load. Seasonal concentration d i f f e r e n c e s were a l s o 
apparent, although only one sample was taken f o r each season. To 
v e r i f y and expand upon t h i s e a r l y data a p r o j e c t , commencing i n 1975, 
was e s t a b l i s h e d t o analyse p r i o r i t y p o l l u t a n t s w i t h i n four r e s i d e n t i a l 
catchments f o r a r e p r e s e n t a t i v e number of storm events. 
In 1975 the r e g u l a r monitoring of p r i o r i t y p o l l u t a n t s i n stormwater 
samples from the Grahame Park catchment, Hendon, London, was commenced 
and t h i s l e d to the establishment of the Urban P o l l u t i o n Research 
Centrę at Middlesex P o l y t e c h n i c i n l a t e 1976. S i g n i f i c a n t loadings of 
organie compaunds, n u t r i e n t s , f a e c a l b a c t e r i a , heavy metals and 
suspended sołids were observed i n stormwater discharges from the 
Grahame Park 353 ha. s e p a r a t e l y sewered r e s i d e n t i a l catchment ( E l l i s 
1975, 1976). Accumulated benthal sludge i n the r e c e i v i n g stream was 
found to exert a large oxygen demand and a s i g n i f i c a n t p o t e n t i a l 
source of heavy metals. 
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Table 1.1 Metal Levels f o r Stormwater and Atmospheric F a l l o u t at 
Bergsj ön, Gothenbu r g . 
Atmospheric F a l l o u t Stormwater 
ug/1 ug/1 
Spring Summer Autumn Spring Summer Autumn 
Zinc 
Cadmium 
Lead 
Copper 
95 
1. 0 
60 
18 
52 
96 
4 
127 
4.3 
90 
30 
243 
1. 0 
350 
174 
335 
5.2 
140 
215 
685 
12. 1 
24 
215 
The f l u x of suspended s a l i d s d i d not always pass through the starm 
drainage system as a s i n g l e " f i r s t f l u s h " pulse consonant with peak 
flow; two peaks of s o l i d s being commonly observed. The f i r s t peak, 
preceding Dr c o i n c i d e n t with peak flow, was r e l a t e d t o the 
r e m o b i l i s a t i o n of s e t t l e d deposits from the previous storm event. The 
second s o l i d s peak, coming a f t e r peak flow, was r e l a t e d to the 
i n t r o d u c t i o n of f r e s h sediment from road surface drainage ( E l l i s 
1976). 
The r e s u l t s of work from both groups was presented at a UNESCO 
symposium i n Amsterdam ( E f f e c t s of Ur b a n i z a t i o n and I n d u s t r i a l i z a t i o n 
on the Hyd r o l o g l c a l Regime and on Vater Q u a l i t y ) and the f i r s t contact 
between the Swedish and U.K. groups was raade. The U.K. group reported 
that the reg u l a r monitoring of the Grahame Park catchment had allowed 
the " f i r s t f l u s h " of p o l l u t e d materiał, when i t occurred, to be 
p r i m a r i l y r e l a t e d to the concentration time f o r the catchment. Fine 
s o l i d s were i d e n t i f i e d as an important p o l l u t i o n source and, although 
only 4-8% of road s o l i d s were composed of p a r t i c l e s f i n e r than 60 urn, 
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t h i s f r a c t i o n accounted f o r 25% of oxygen demand, 30-50% of n u t r i e n t s , 
30% of heavy metals and 10% of the b a c t e r i a ( E l l i s 1977). 
At the same symposium the Swedlsh group showed that stormwater heavy 
metal sources were predominantly a r e s u l t of atmospheric f a l l o u t , 
b u i l d i n g materiał c o r r o s i o n and t r a f f i c (Malmqvist and Svensson 1977). 
As part of the Swedish research p r o j e c t a continuous monitoring 
s t a t i o n was set up at the Bergsjdn stormwater o u t f a l l i n Gothenburg 
and t h i s s i t e has been c o n t i n u a l l y improved. The unique ten year data 
record obtained from the sampling s t a t i o n i n c l u d e s continuous storm 
and baseflow monitoring of pH, t u r b i d i t y , temperaturę, f l o w and 
c o n d u c t i v i t y (Morrison et a l . 1985). 
Research on stormwater p o l l u t a n t r e l e a s e patterns cantinued at both 
the Swedish and U.K. catchments, with an i n c r e a s i n g emphasis on the 
biogeochemical i n t e r a c t i o n s and t r a n s p o r t of p o l l u t a n t s through the 
stormwater system. Data from the Bergsjbn catchment, as w e l l as other 
Swedish r e s l d e n t i a l urban catchments have provided the rangę of 
average metal concentrations shown i n Table 1.2. These r e s u l t s were 
found to be u s e f u l i n p r o v i d i n g g u i d e l i n e s f o r the heavy metal 
concentrations to be expected i n stormwater ru n o f f , p a r t i c u l a r l y f o r 
the engineering design of new Swedish urban areas (Malmqvist 1983). 
Table 1.2 P r e c i p i t a t i o n and Urban Runoff Heavy Metal Concentrations 
i n Sweden (from Malmqvist 1983). 
P r e c i p i t a t i o n 
W5'l 
Urban Runoff 
Zinc 25 60-920 
Lead 20-80 50-460 
Copper 5 18-330 
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The pathways of heavy metals through the starmwater system were 
i n v e s t i g a t e d by a mass balance approach f o r four Swedish urban 
r e s i d e n t i a l catchments (Malmqvist 1983). The r e s u l t s i n respect of Cu 
and Pb are discussed below f o r the 15.6 ha Bergsjon catchment. For Pb, 
some. 40 Kg/year enters the catchment from t r a f f i c sources, with 6.9 
Kg/year c o n t r i b u t e d from atmospheric f a l l o u t . Of t h i s input only 3.8 
Kg/year leaves the catchment as storrawater runoff. Accumulation on the 
permeable surfaces appears to account f o r the d i f f e r e n c e . However, the 
v a r i a b l e release of low Pb concentrations i n t o baseflow from in-pipe 
sediments may have been under-estimated by the sampling procedure. In 
c o n t r a s t , Cu w i t h i n the Bergsjon catchment Is dominated by atmospheric 
f a l l o u t (3.12 Kg/year) and c o r r o s i o n of c o n s t r u c t i o n surfaces (2.71 
Kg/year), while only a small amount i s c o n t r i b u t e d by t r a f f i c sources 
(0.07 Kg/year>. However, a large amount i s removed i n stormwater 
runoff (3.93 Kg/year) which may be explained by the d i r e c t entry of 
roof runoff i n t o the storm sewer system. 
The U.K. research group compiled the data published p r i o r to 1981 and 
included s o l u b l e stormwater metal co n c e n t r a t i o n s , which are more 
relevant than t o t a l metal concentrations to r e c e i v i n g water body 
t o x i c i t y ( E l l i s and R e v i t t 1982). The values, shown i n Table 1.3, are 
f o r r e s i d e n t i a l catchments only. C l e a r l y Pb, despite high road 
sediment and t o t a l stormwater co n c e n t r a t i o n s , does not compare i n 
s o l u b i l i t y tD the other metals. Total metal concentration might not 
therefore provide the best, i n d i c a t i o n of t o x i c i t y to r e c e i v i n g water 
b i o t a . This i s of p a r t i c u l a r importance as storrawater may contribute 
50-70% of the t o t a l heavy metal l o a d i ngs to r e c e i ving waters (Colwi11 
et a l . 1984). 
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Table 1.3 Metal Concentration Ranges i n Road Sediment and 
Stormwater (from E l l i s and R e v i t t 1982). 
Road Sediment 
Mg'g 
Stormwater 
Mg/1 
Soluble Phase 
of Stormwater 
Hg/1 
Zinc 13-1110 
Cadmium 0.0034-10,1 
Lead 128-8300 
Copper 25-3170 
8-4600 
0.8-8.0 
250-26000 
7-1410 
05-1200 
<0.5-5.0 
10-180 
4-200 
To assess metal s o l u b i l i t y R e v i t t and E l l i s (1980) c a r r i e d out 
leachate s t u d i e s on road dusts using c o l l e c t e d r a i n f a l l . Cadmium was 
found to be extracted 1000 times more r e a d i l y than Pb, although Zn 
showed the highest Overall leachate l e v e l s . Another methad of 
assessing the a v a i l a b i l i t y of metals t o the s o l u b l e phase i s through 
road dust s p e c i a t i o n a n a l y s i s , and one such study provided an o v e r a l l 
a v a i l a b i l i t y order of Cd > Zn > Pb > Cu (Hamilton et a l 1984), 
An enricbment of s o l i d associated metal through the drainage system 
a l s o appears to occur. Harrop et a l . (1983) found that metals were 
enriched between two and four tiraes i n sediraents rernoved to g u l l y p o t s 
compared to those of road surface dusts. Metals tend to show a log 
normal d i s t r i b u t i o n with respect to p a r t i c i e size on the road surface. 
Therefore the enriched nie t a l l e v e l s found w i t h i n the stormwater system 
can at l e a s t p a r t l y be explained by the p r e f e r e n t i a l washoff of more 
t o x i c f i n e s from the road surface ( R e v i t t et a l . 1981, Harrop et a l . 
1983). However, atmospheric derived p a r t i c l e s a l s o need to be taken 
i n t o account and Hamilton and Adie (1982) reported that urban aerosols 
c o n t a i n average Pb concentrations of 10000 /ag/g. 
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With the exception of suspended s o l i d s , most p o l l u t a n t s discharged 
from a s m a l l , well defined 0.5 ha. highway catchment i n Oxhey, 
He r t f o r d s h i r e (S.W. London), demonstrate a d i s t i n c t tendency towards a 
" f i r s t f l u s h " (Harrop 1984). This tendency i s r e p l i c a t e d i n the 
Bergsjön catchment where only 54% of 190 starm events i n 1983/1984 
showed a " f i r s t f l u s h " as demonstrated by t u r b i d i t y recordings 
(Morrison et a l 1985). Correspondingly, suspended s o l i d a s s o c i a t e d 
metals were g e n e r a l l y found to have discharged only 20-30% of the 
t o t a l storm métal w i t h i n the time of concentration f o r the Grahame 
Park catchment, U.K. ( R e v i t t et a l . 1981). 
A f i n g e r p r i n t i n g of métal tra n s p a r t from différent sources through the 
stormwater system has been obtained by d e f i n i n g the d i s t i n c t i v e 
magnetic p r o p e r t i e s of atmospheric f a l l o u t and automobile émissions 
(R e v i t t et a l . 1981). This method farms the b a s i s of an ongoing 
p r o j e c t w i t h i n the Urban P o l l u t i o n Research Centre (Beckwith et a l . 
1984) 
The b i o l o g i c a l uptake of metals by r e c e i v i n g water organisms i s 
c u r r e n t l y under i n v e s t i g a t i o n w i t h i n the U.K. catchment ( E l l i s et a l . 
1985). I t may be that c e r t a i n organisms can s u r v i v e near storm 
drainage o u t f a l l s due to t h e i r c a p a b i l i t y of producing metal-binding 
p r o t e i n s , which act as a métal d e t o x i f i c a t i o n mechanism. 
The convergence of i n t e r e s t between the Swedish and E n g l i s h groups 
became focused i n 1982, f o l l o w i n g the a l l o c a t i o n of a Natural 
Environment Research Council CASE award to the Urban P o l l u t i o n 
Research Centre, Middlesex P a l y t e c h n i c , i n c o l l a b o r a t i o n with the 
Urban Geohydrolagy Graup, Chalmers U n i v e r s i t y of Technology, t o study 
Métal Speciation in Urban Runoff. 
A f t e r an e a r l y meeting between both groups i n Gothenburg i n November 
1982, the p r o j e c t was planned and a f u r t h e r s u c c e s s f u l grant 
a p p l i c a t i o n , t h i s time to the Swedish National Environment P r o t e c t i o n 
Board, r e s u l t e d i n s u f f i c i e n t f i n a n c i a l support f a r a three year 
project t o be undertaken. 
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To maintain the co-operation r e g u l a r contact between both groups was 
continued with meetings i n e i t h e r England or Sweden i n J u l y 1983, 
November 1983, June 1984 and March 1985. Although the immediate aim of 
the p r o j e c t was the production of t h i s t h e s i s , s i x i n t e r n a t i o n a l 
j o u r n a l and conference proceedings p u b l i c a t i o n s , as w e l l as one 
i n t e r n a l r e p o r t , were a l s o produced during the p e r i o d 1982-1985. 
The c o l l a b o r a t i o n between the Swedish and E n g l i s h groups i s to 
continue i n 1986 with s t u d i e s on the b i o l o g i c a l and chemical f a t e of 
metal species i n the r e c e i v i n g waters of stormwater discharges. 
LL2 Alms and Objectives of the Research P r o j e c t 
The aim of the research proje c t was to i d e n t i f y the physico-chemical 
forms of Cd, Cu, Pb and Zn and t h e i r temporal patterns of discharge 
from s e p a r a t e l y sewered catchments c h a r a c t e r i s t i c of European urban 
development. This would provide information r e l a t i n g t o t h e i r 
t ransport through the stormwater system and a guide to t h e i r p o t e n t i a l 
t o x i c e f f e c t s on r e c e i v i n g waters. With these c r i t e r i a i n mind the 
f o l l o w i n g o b j e c t i v e s were s e t . 
a) To t e s t and develop physico-chemical methods f o r the determination 
of b i o a v a i l a b l e metal species i n stormwater. 
b) To incorporate these physico-chemical methods i n t o a s p e c i a t i o n 
scheme which all o w s the r e l a t i v e l y r a p i d determination of Zn, Cd, Pb 
and Cu species i n urban runoff and provides inf o r m a t i o n on the 
b i o a v a i l a b i l i t y and geochemical m o b i l i t y of the metals. 
c) To determine temporal patterns and forms of metal species i n the 
runoff from urban catchments. 
d) To i n t e r p r e t the d i f f e r e n t metal forms i n storm p r o f i l e s with 
respect t o changes i n h y d r o l o g i c a l , p h y s i c a l and chemical parameters, 
as w e l l as t h e i r r e l a t i o n s h i p t o catchment c h a r a c t e r i s t i c s and 
c l i m a t i c and seasonal v a r i a b l e s . 
e) To i d e n t i f y the important p h y s i c a l and chemical processes a f f e c t i n g 
metal s p e c i a t i o n by a n a l y s i n g s p e c i a t i o n changes through a r e l a t i v e l y 
simple g u l l y p o t system. 
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1.3 Outline of Thesis 
A review of previous work on metal s p e c i a t i a n i n n a t u r a l waters and 
b i o l o g i c a l t o x i c i t y s t u d i e s i s reported i n Chapter 2, together with 
reported concentrations and loadings of metals i n urban r u n o f f . 
P r e v i o u s l y used metal s p e c i a t i o n techniques, f o r both the d i s s o l v e d 
and suspended s o l i d phases are discussed and r e l a t e d t o the 
p o s s i b i l i t y of i d e n t i f y i n g b i o a v a i l a b l e metal spec i e s i n stormwater. 
To supplement t h i s c e n t r a l theme, t h e o r e t i c a l metal s p e c i a t i o n s t u d i e s 
and the r o l e of metal complexing organic l i g a n d s are discussed. The 
importance of proper sampling and c l e a n a n a l y t i c a l methods are a l s o 
considered. 
In order to provide a s u i t a b l e data base i t was necessary to develop 
and maintain catchment instrumentation. The stormwater o u t f a l l 
sampling s t a t i o n s at Oxhey (U.K.) and Bergsjbn (Sweden) are described 
i n Chapter 3. D e t a i l s are a l s o given f o r the g u l l y p o t sampling and 
continuous monitoring f a c i l i t i e s i n s t a l l e d f o r t h i s p r o j e c t on the 
Chalmers catchment (Sweden). 
The laboratory development of, and p r e l i m i n a r y work on, the metal 
s p e c i a t i o n scheme f o r the a n a l y s i s of the c o l l e c t e d stormwater samples 
i s described i n Chapter 4. Further s p e c i a t i o n s t u d i e s , i n c l u d i n g an 
attempt to simulate b i o l o g i c a l metal uptake by developing a new method 
termed Dialysis with Receiving Resins, are described i n Chapter 5. 
The metal s p e c i a t i o n r e s u l t s f o r s i x storms, c o l l e c t e d i n the summer 
of 1984, from the Chalmers g u l l y p o t catchment, are considered i n 
Chapter 6. Metal species t r a n s p o r t mechanisms, g u l l y p o t outflow 
loadings and mass balances, f o r i n d i v i d u a l storm events, are 
discussed. 
In Chapter 7 metal s p e c i a t i o n r e s u l t s are presented, f o r ten urban 
runoff events ( r a i n f a l l and snowmelt i n i t i a t e d ) from the Oxhey (U.K.) 
and Bergsjbn (Sweden) catchments. The v a r i a t i o n s of metal species 
loadings through i n d i v i d u a l storm events are discussed i n terms of 
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source input c o n t r i b u t i o n s . The p o t e n t i a l e f f e c t s on r e c e i v i n g waters 
of stormwater derived metals are p r e d i c t e d by adopting both the Water 
Q u a l i t y Standard and Dialysis with Receiving Resins approaches. 
i n the f i n a l Chapter the main f i n d i n g s are summarised and are 
discussed i n terms of the i m p l i c a t i o n s f o r municipal road and sewer 
cle a n i n g p r a c t i c e s and r e c e i v i n g stream impacts. Future research 
stratégies i n the f i e l d of urban runoff métal p o l l u t i o n are proposed 
based on the major r e s u l t s obtained i n t h i s p r o j e c t . 
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CHAPTEP 2 HYDROCHEMICAL ASPECTS OF METAL SPECIATION: A REVIEV. 
2,1 Heavy Metals In the Urban Environment and t h e i r P o t e n t i a l 
T o x i c i t y i n Storm Runoff. 
Heavy métal loadings, which o r i g i n a t e from the urban environment, raay 
represent a s i g n i f i c a n t amount of the t o t a l métal e n t e r i n g l o c a l 
r e c e i v i n g waters C E l l i s et a l . 1985, Oberts 1985, Perry and Mclntyre 
1985). Stormwater runoff washes metals from imperméable surfaces and, 
i n s e p a r a t e l y sewered areas, discharges them d i r e c t l y i n t o a stream or 
la k e . Comparisons with water q u a l i t y standards w i l l demonstrate that 
thèse i n t e r m i t t e n t heavy métal discharges may exceed defined chronic 
and acute b i o t i c c r i t e r i a . 
2.1. 1 Heavy Metals i n Urban Surface Runoff. 
Urban surface runoff may includ e any n a t u r a l or p o l l u t a n t m a t e r i a l 
that i s a v a i l a b l e for t r a n s p o r t w i t h i n the catchment area. Increased 
urban surface i n p e r m e a b i l i t y r e s u l t s i n both increased runoff and 
heavy métal loadings (Lindholra and Balmér 1978, Oberts 1985). The 
degree of i n d u s t r i a l i s a t i o n , t r a f f i c type and volume and road surface 
c o n d i t i o n w i t h i n the urban catchment w i l l a l s o a f f e c t heavy métal 
c o n t r i b u t i o n s . There i s a considérable v a r i a t i o n and inc o n s i s t e n c y i n 
the reported concentrations of heavy metals i n storm runoff discharges 
( E l l i s 1982, Harrop 1984, Oberts 1985). V a r i a t i o n s i n métal loadings 
over i n d i v i d u a l storm hydrographs may be explained by a Var i a b l e 
C o n t r i b u t i n g Area Concept (Morrison et a l . 1984a), Kinematic Vave 
Theory and Di l u t i o n - E x h a u s t i o n e f f e c t s ( E l l i s 1982). 
In s p i t e of the p o t e n t l a l number of c o n t r i b u t i n g sources w i t h i n the 
urban catchment three main inputs can be i d e n t i f i e d and are discussed 
below. 
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2.1.1.1 Vet and Dry Atmospheric Déposition 
S i g n i f i c a n t q u a n t i t i e s of îieavy metals have been reported i n urban 
précipitation (Cawse 1974, Malmqvist and Svensson 1977, Malmqvist 
1983). I t bas been shown that, even i n r e l a t i v e l y unpolluted areas, 
r a i n f a l l and dry d u s t f a l l may be an important c o n t r i b u t i n g source of 
heavy metals i n stormwater runoff (Randall et a l . 1978). 
As a t y p i c a l example Owe et a l . (1982) have reported précipitation and 
runoff heavy metal levéis f o r a parking l o t (Table 2.1) and c l e a r l y 
précipitation provides a background concentration of metals which i s 
g r e a t l y increased a f t e r washoff from the urban s u r f a c e . In terras of 
loadings, précipitation derived Pb represented 16% of the t o t a l Pb 
discharged i n runoff from the catchment. 
Table 2.1 Metal Concentrations i n Précipitation and Parking Lot 
Runoff (from Owe et a l . 1982). 
Précipitation Parking Lot 
Runoff ug/1 
Zinc 
Cadmi u m 
Lead 
Copper 
47-166 
1-4 
58-186 
5-95 
890-4740 
10-280 
730-2970 
120-1380 
The séparation of dry a e r i a l d u s t f a l l from wind blown dust, as w e l l as 
from wet déposition, represents a d i f f i c u l t sampling prablem. 
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2.1.1.2 Urban Surfaces 
The urban surface i s a non-point source which provides an important 
c o n t r i b u t i o n of heavy metals to urban r u n o f f . Automobiles have been 
c o n c l u s i v e l y i d e n t i f i e d as one of the major sources of impermeable 
surface input (Bryan 1974, Newton et a l . 1974). Christensen and Guinn 
(1979) reported the average d e p o s i t i o n r a t e s of metals on road 
s u r f a c e s to be 0.003 g Zn/vehicle km and 0.0049 g Pb/vehicle km. The 
major sources of heavy metals found on urban s u r f a c e s , together with 
p a r t i c u l a t e metal concentrations, are given i n Table 2.2. Corrosion 
of, and emissions from, automobiles obviously represents a very 
s i g n i f i c a n t metal c o n t r i b u t i o n . The r a t e of metal build-up on the road 
surface should be r e l a t e d t o t r a f f i c d e n s i t y and type, duration of the 
dry period and removal processes, as w e l l as the season of the year 
(Owe et a l . 1982). 
Table 2.2 Sources of Heavy Metals found on Urban Surfaces (from 
Shaheen 1975, A t k i n s and Hawley 1978, Brinkmann 1984, 
Cole et a l 1984, V i l s o n 1984, Beckwith et a l . 1985). 
Metal Sources Concentration ug/g 
Zinc Automobile Tyres 630 
Motor O i l s 12-1060 
Automatic Transmission F l u i d s 
Car Brake L i n i n g s 124-22500 
Gasoline 10 
Car Exhaust P a r t i c u l a t e s 8105-186612 
Car Corroded Bodywork 108-6611 
contd. 
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Metal Sources Concentration /ig/g 
Zinc Rust I n h i b i t o r and A n t i f r e e z e 
Road S a i t 
Road Pavement 12-267 
B u i l d i n g Materials/Urban S t r u c t u r e s 
P a i n t s 
Vood P r e s e r v a t i v e 
Vater Treatment Chemicals 
P e s t i c i d e s and B i o c i d e s 
Cadmium Car Tyres 1 
Motor O i l s 0.2-0.26 
Car Corroded Bodywork 0.2 
Car Brake L i n i n g s 0-5 
Car Battery 
Car Exhaust P a r t i c u l a t e s 4.8-5.6 
Road Pavement 0-1 
A l l o y s and P l a t e d Surfaces 
Wood and Canvas Pr e s e r v a t i v e 
Water Treatment Chemicals 
P e s t i c i d e s 
Lead P e t r o l A d d i t i v e s 
Car Exhaust P a r t i c u l a t e s 
Car Corroded Bodywork 
Motor O i l s 
Car Tyres 
Car Brake L i n i n g s 
T r a f f i c Paint 
150 
1192-119420 
32-116 
9-12 
1000 
1050-35000 
contd. 
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Metal Sources Concentration ug/g 
Lead A n t i - c o r r o s i o n Paint 
Road Pavement 0.7-122 
P e s t i c i d e s 
Copper P e t r o l A d d i t i v e s 
Motor O i l s 3-8 
Car Exhaust P a r t i c u l a t e s 58-68 
Car Brake L i n i n g s 
Corroded Bodywork 
Tyres 
14476-200000 
252 
55 
Road Pavement 51-73.6 
B u i l d i n g M a t e r i a l s 
A n t i - a l g a l P a i n t s 
A l g i c i d e s 
Wood and Canvas P r e s e r v a t i v e s 
Water Treatment Chemicals 
Another p o t e n t i a l major input DI metals from urban surfaces i s that 
derived from roof and gutter c o n s t r u c t i o n m a t e r i a l s . In Scandinavia, 
Cu i s commonly used f o r roof g u t t e r s and i n some cases even the roof 
i t s e l f . The subsequent c o r r o s i o n of t h i s m a t e r i a l may generate l a r g e 
amounts of Cu and d e l i v e r i t to the sub-surface system (Malmqvist and 
Svensson 1977). Zinc i s commonly used f o r s t r e e t f u r n i t u r e and 
lamposts, i n both the U.K. and Sweden, which can l i k e w i s e be corroded. 
In a d d i t i o n t o t h i s knowledge of the dominant metal sources there i s 
an obvious need to i d e n t i f y the p h y s i c a l and chemical processes 
a f f e c t i n g metal m o b i l i s a t i o n i n t o the below ground system during storm 
events. 
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2.1.1.3 Snb-surface Déposition 
This category includes in-pipe déposition and g u l l y p o t accumulations. 
Metal concentrations i n sédiments O1000 jim) found i n gullypDts and 
in-pipe are compared with surface sédiments f o r a small highway 
catchment i n Table 2.3. The heavy metal concentrations are higher on 
the s t r e e t surface and i n the below ground System than i n tbe roof 
sédiments (Beckwith et a l . 1985). Z i n c , Pb and Cu c l e a r l y can be 
traced t o car d e r i v a t i v e s deposited on the road s u r f a c e . However, Cd 
shows an anomalous concentration i n pavement sédiment which i s 
d i f f i c u l t to e x p l a i n . The below ground sédiments may represent a 
mixture of thèse sources and c e r t a i n l y the concentrations i n Table 2.3 
can be i n t e r p r e t e d as r e f l e c t i n g such a process. 
Table 2.3 Mean Sédiment Metal Concentrations f o r différent Sources 
to the Stormwater Sewer ífrom Beckwith et a l . 1985). 
Mean Sédiment Metal Concentration ug/g 
Zinc Cadmium Lead Copper 
Pavement 186. 1 2.2 134. 0 40.4 
Road Gutter 292.6 0.7 452. 1 50.6 
Road Centre 499. 8 0.4 1041.1 87. 8 
Roof Surface 375.8 1.3 419.4 30.3 
Roof Gutter 289. 3 0.7 418. 7 26. 8 
Gullypot 490. 4 2. 0 608. 1 67.4 
In-pipe 415.4 1.5 472.2 50. 5 
Gullypot and i n - p i p e sédiments may be the f i r s t s o l i d s washed out 
during a storm event. However, most of t h i s sédiment w i l l l a g as 
s a l t a t o r y p a r t i c l e s C E l l i s 1976) so that only the f i n e heavy metal 
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enriched p a r t i c l e s are found as suspended s a l i d s at the stormwater 
o u t f a l l . 
The g u l l y p o t sédiment may undergo chemical changes during dry periods, 
p a r t i c u l a r l y as se v e r a l workers have observed évidence of anoxie 
c o n d i t i o n s (Mance and Harman 1978, F l e t c h e r and P r a t t 1981, Harrop 
1984). During the f i r s t anoxie stages Df g u l l y p o t sédiment maturation, 
i . e . n i t r a t e réduction, the increased ammonia and d i s s o l v e d organie 
carbon l e v e l s might be expected t o r e s u i t i n a build-up of the s o l u b l e 
"bound" s p e c i e s of Cu and Pb i n the anoxie i n t e r s t i t i a l water 
<Forstner and Salamons 1983). As the anoxie c o n d i t i o n s continue 
sulphide, from p r o t e i n catabolism, can act as an important 
p r e c i p i t a t i n g agent f o r metals (Forday and G r e e n f i e l d 1983). Insoluble 
metal sulphide forms are more s t r o n g l y sédiment bound than surface 
associated carbonate and hydrous Fe and Mn oxide s p e c i e s CLuoma and 
Bryan 1981). 
Oxic/anoxic sédiment maturation may a l t e r the t r a n s p o r t mechanisms and 
d i s s o l v e d / p a r t i c u l a t e phase d i s t r i b u t i o n s of heavy metals i n 
stormwater passing through the g u l l y p o t and in-pipe system, but the 
extent t a which t h i s occurs i s nat known. 
2.1.2 V a r i a t i o n s of Heavy Metal Loadings during Storm Events. 
The complexity of c o n t r i b u t i n g area and below ground p h y s i c a l 
m o b i l i s a t i o n processes has not allowed a f u l l understanding of how 
urban heavy metal source loadings are r e f l e c t e d i n the stormwater 
discharges at the o u t f a l l of the catchment pipe system, 
C e r t a i n l y a " f i r s t f l u s h " of h i g h l y t u r b i d water, l a s t i n g f o r some 20 
to 30 minutes, has been observed at the beginning of storm events 
( V i l k i n s o n 1956). In some storm events a " f i r s t f l u s h " i s not observed 
f o r suspended s a l i d s ; and i n a d d i t i o n secondary and m u l t i p l e peaks 
have been faund (Harrop 1984). E l l i s (1982) has discussed the 
importance of the time of concentration f o r the catchment which can 
e x p l a i n the lac k of " f i r s t f l u s h " noted i n some storm events. I t can 
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be argued that the " f i r s t f l u s h " i s a combination of g u l l y p o t and i n -
pipe sediment washoff ( E l l i s 1982). The energy f o r road surface 
sediment washoff i s created by the processes of surface wetting, 
r a i n f a l l i n t e n s i t y and water flow. Gullypot and i n - p i p e p h y s i c a l 
m o b i l i s a t i o n should be mainly dependent on water flow energy (Morrison 
et a l . 1985). 
From these observations heavy metal loadings might be expected to be 
concentrated i n the f i r s t part of the storm event (Mance 1981). This 
a s s e r t i o n i s based on the strong a f f i n i t y of metals f o r storrawater 
suspended s o l i d s (Bourcier and Sharma 1980, Urbonas and Tucker 1980, 
Wilber and Hunter 1980), which o f t e n p a r a l l e l the storm hydrograph. 
However, d i r e c t measurements through i n d i v i d u a l storms have not shown 
a metal " f i r s t f l u s h " , except i n the case of Cd f o r one storm event 
( R e v i t t et a l 1981). 
This apparent discrepancy i n views might suggest that metal i n p u t s are 
being d e l i v e r e d from a v a r i e t y of sources, i n a d d i t i o n t o being 
p h y s i c a l l y and chemically mobilised at d i f f e r e n t r a t e s , and are thus 
loaded onto the hydrograph at d i f f e r e n t times. S i z e s o r t i n g during 
p h y s i c a l sediment m o b i l i s a t i o n , as w e l l as chemical changes at the 
s o l i d surface during stormwater t r a n s p o r t , can a l s o a f f e c t the 
discharged metal l e v e l s (Morrison et a l . 1984b). 
I t i s known that stormwater s o l i d s are enriched with metals. Wilber 
and Hunter (1979) found that urban discharges r e s u l t e d i n the 
f o l l o w i n g metal enrichments, f o r stream sediments below stormwater 
e f f l u e n t i n p u t s , over those sediments upstream; Pb x6.7, Cu x3.1, Cd 
x5.2, Zn x3.5. Chemical f r a c t i o n a t i o n of the stormwater s o l i d s (Wilber 
and Hunter 1979) revealed that about 10% of the Cu and 20% of the Zn 
and Pb was i n a r e a d i l y chemically m o b i l i s e d form. 
Many of the heavy metal s t u d i e s which have been c a r r i e d out do not 
d i f f e r e n t i a t e between p a r t i c u l a t e and d i s s o l v e d metals, or 
a l t e r n a t i v e l y measure only the p a r t i c u l a t e a s s o c i a t e d metal. When 
r e l a t i n g metal l e v e l s to t o x i c e f f e c t s i t i s important tD recognise 
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t h a t there i s often a considerable loading of d i s s o l v e d metal i n storm 
discharges. In a d d i t i o n , metals may be mobilised from the p a r t i c u l a t e 
phase to the d i s s o l v e d phase and Cd, i n p a r t i c u l a r , has been shown to 
be r e a d i l y s o l u b i l i s e d from road sediments ( R e v i t t and E l l i s 1980). 
Thus a knowledge of heavy metal k i n e t i c s and s p e c i a t i o n i s important 
i f advances are to be made i n e v a l u a t i n g the r e l a t i v e t o x i c i t y of 
urban non-point discharges. 
2.1.3 The T o x i c i t y of Heavy Metals to Aquatic L i f e . 
In order t o determine the t o x i c or b i o a v a i l a b l e f r a c t i o n s of heavy 
metals, a b a s i c understanding of t h e i r e f f e c t s on aquatic l i f e i s 
required. The a c t u a l t o x i c i t y of a metal to a p a r t i c u l a r organism w i l l 
depend on many f a c t o r s such as age, surface area, population s t r u c t u r e 
and competing metal i o n concentrations. 
C e r t a i n processes at the organism/environmental i n t e r f a c e a l s o a f f e c t 
metal uptake (Luoma 1983). These include; 
a) the i n t e r f a c e c h a r a c t e r i s t i c s 
b) the r e a c t i v i t y of the metal form with the i n t e r f a c e 
c) antagonism or metal uptake s t i m u l a t i o n by other metals or major 
c a t i o n s 
d) temperature 
However, some s p e c i f i c heavy metal forms are p o t e n t i a l l y more t o x i c 
and are l i k e l y to be hazardous to the b i o t a of a r e c e i v i n g water. 
Generally non-essential elements, such as Pb and Cd, are u s u a l l y more 
t o x i c than e s s e n t i a l elements, such as Zn and Cu, although an excess 
of e i t h e r may be detrimental (Batley 1983). 
I n i t i a l heavy metal t o x i c a n t s t u d i e s have been concerned with the 
r e l a t i o n s h i p between t o t a l metal concentrations and t h e i r t o x i c i t y to 
organisms. However, recent research points t o the f r e e and weakly 
complexed ions as being the t o x i c forms of the metal (Stumm 1983). 
This has been experimentally v e r i f i e d through the observation of the 
i n t e r a c t i o n s between the chemical form of a heavy metal and a s u i t a b l e 
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organism or s u b s t r a t e . A major c r i t i c i s m of these experiments i s that 
i t i s d i f f i c u l t t o extrapolate the r e s u l t s f o r enclosed l a b o r a t o r y 
organisms to those in situ. I t i s often the case that fr e e metal i o n 
concentration i s not measured (Luoma 1983). 
The t o x i c i t y of Cu to the freshwater alga, Scendesmus quadricauda, was 
demonstrated by Petersen (1982). Using EDTA as the complexing l i g a n d , 
f r e e Cu ion was found t o be t o x i c i n the range 1 0
_ 1
° to 10
_ 1 2 :
H. 
Zevenhuisen et a l . (1979) found that the bacterium, Klebsiella 
aerogenes, was I n h i b i t e d by concentrations of 10~
e
 to 10~
1o
M f r e e Cu 
io n . E x t r a c t s of the b a c t e r i a were found to be h i g h l y complexing 
towards Cu, suggesting that organisms might modify Cu t o x i c i t y through 
t h e i r e x c r e t i o n products, exudates, munchates and s o l u b l e organic 
e x c r e t i o n s . This e x t r a c e l l u l a r p o o l , together with s o i l d e r i v e d f u l v i c 
a c i d s , i s a p o s s i b l e r e g u l a t o r of b i o t l c Cu t o x i c i t y (Saar and Weber 
1982). S i m i l a r r e s u l t s were obtained by Sunda and G i l l e s p i e (1979) i n 
a study of b a c t e r i a l growth i n the marine environment. 
Weakly complexed Cu may a l s o prove t o be t o x i c . Theis and Dodge (1979) 
reported that Cu'^* and CuOH* were taken up by the midge l a r v a , 
Chironomous tentans, while no uptake was noted f o r Cu-HTA or 
Cu-glycine. Magnusson et a l . (1979) came to the same conc l u s i o n s f o r 
Daphnia magna and a l s o found that carbonate complexes were not t o x i c , 
Guy and Kean (1980) showed that f i v e organic l i g a n d s with r e l a t i v e l y 
high Cu s t a b i l i t y constants were t o x i c at a concentration of 10~
B
K Cu. 
The t o x i c i t y was higher f o r c i t r i c a c i d (10~
1<;
'M Cu) and 
ethylenediamine (10~
3
M Cu) which have low s t a b i l i t y constants with Cu. 
These small organic l i g a n d s may transport Cu i n t o the c e l l t i s s u e s v i a 
the b i o l o g i c a l membrane (Luoma 1983). Copper t o x i c i t y towards f i s h i s 
l e s s at higher pH and water hardness (Borgmann 1983). 
The r e l a t i o n s h i p between free metal ion and t o x i c i t y i s p a r t i c u l a r l y 
relevant t o s o l u b l e elements such as Zn (Spear 1981) and Cd ( E l l i s and 
Rev i t t 1982). Using EDTA as the complexing l i g a n d , A l l e n et a l . (1980) 
found that Zn^ "*" and ZnOH- were the t o x i c s p e c i e s t o Microcystis 
aeruginosa. Organic ligands of high molecular weight i n pond water 
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were found to reduce Cd t o x i c i t y f o r Simocephalus serrulatus, but not 
f a r Gambusia affinis (Giesy et a l . 1977). 
M o r t a l i t y f o r the amphipod Hyallela azteca c o r r e l a t e s s t r o n g l y with 
f r e e Fb i o n concentrations (Freedman et a l . 1980). However, both the 
carbonate and free i o n i c forms of Pb have been reported as t o x i c t o 
rainbow t r o u t (Davies et a l 1976). 
I t i s thus g e n e r a l l y accepted that the f r e e metal i o n i s most t o x i c t o 
aquatic l i f e , although the exact mechanism of t o x i c i t y i s not f u l l y 
understood. Organic l i g a n d s seem to provide a b u f f e r against f r e e 
metal uptake. Metals bound to small organic molecules, with molecular 
weights l e s s than 1000, can be a s s i m i l a t e d by a l i v i n g c e l l . Larger 
molecules represent a b a r r i e r against metal uptake, unless the metal 
io n i s weakly complexed i n which case i t may be s t i l l b i o a v a i l a b l e . 
Inorganic l i g a n d s may a l s o cause a decrease of metal t o x i c i t y . T h i s 
has been shown f o r increased hydroxyl and c h l o r i d e c o n c e n t r a t i o n s , 
water hardness and a l k a l i n i t y (Borgmann 1983). 
The concentrations and transformations of metal s p e c i e s w i t h i n and at 
the surface of organisms i s of great importance (Batley 1983). I t i s 
g e n e r a l l y accepted that metals a s s o c i a t e d with c o l l o i d s are u n l i k e l y 
to be t o x i c to b i o t a . However, Florence (1983) has s t a t e d that c e r t a i n 
l i p i d s o l u b l e complexes may r a p i d l y penetrate the membrane and cause 
c e l l death. I t i s unknown whether such metal complexes are present In 
s i g n i f i c a n t concentrations i n stormwater. Borgmann (1983) has noted 
th a t organic s p e c i e s , such as ionophores, may be r e a d i l y absorbed by 
animal c e l l s . 
M e t a l l o t h i o n e i n s are an agent f o r the storage and d e t o x i f i c a t i o n of 
heavy metals w i t h i n the l i v i n g c e l l . These are high molecular weight 
sulpher r i c h p r o t e i n s with a high metal c h e l a t i n g c a p a c i t y which are 
produced as a d i r e c t response to metal exposure. When the amount of 
metal ingested exceeds the s y n t h e s i s of m e t a l l o t h i o n e i n , t o x i c i t y may 
occur. 
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Homeostatic regulation, of metals can i n some cases be more important 
than d i r e c t exposure. Zinc appears to be p a r t i c u l a r l y subject t o 
homeostatic r e g u l a t i o n and t h i s may e x p l a i n poor c o r r e l a t i o n between 
metal concentrations i n organisms and those i n the surrounding 
environment (Luoma 1983). 
2.1.4 Water Q u a l i t y Standards based on Metal T o x i c i t y Studies. 
To achieve an Environmental Q u a l i t y Objective (EQO) a d e t a i l e d 
knowledge of the behaviour of a t o x i c substance i s required; 
a) when i t enters a r i v e r 
b) concerning i t s e f f e c t on organisms 
c) with regard to i t s i n t e r a c t i o n with other organic or i n o r g a n i c 
substances 
In t h i s way a r e a l i s t i c Environmental Q u a l i t y Standard <EQS) can be 
set (Best 1982). 
There are, however, major problems with t h i s approach. I t i s g e n e r a l l y 
assumed that metal t o x i c i t y decreases with i n c r e a s i n g water hardness. 
However, Winner (1985) found that water hardness had l i t t l e e f f e c t on 
e i t h e r the acute or chronic t o x i c i t y of Cu to Daphnia magna. The 
disagreement a r i s e s from the frequent p o s i t i v e c o r r e l a t i o n between 
water hardness and a l k a l i n i t y . A l k a l i n i t y may be a more important 
modifier of Cu t o x i c i t y (Winner 1985). Humic a c i d , which i s not 
included i n EQS's, causes a s i g n i f i c a n t r e d u c t i o n of Cu t o x i c i t y t o 
Daphnia magna. 
Another problem i s t h a t Cu e x h i b i t s an extremely v a r i a b l e t o x i c i t y 
between speci e s (Borgmann 1963). Even l e s s i s known about the t o x i c i t y 
of Zn, Cd and Pb. However, both the EEC (Mance and O'Donnell 1983) and 
the EPA (EPA 1983) have now set t a r g e t concentrations f o r p r i o r i t y 
metals. 
The proposed EEC values (Mance and Q'Donnell 1983) quote l i m i t s f o r 
the d i s s o l v e d rather than the t o t a l metal, but do not consider the 
e f f e c t of i n t e r m i t t e n t discharges such as stormwater i n p u t s . Table 2.4 
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shows the maximum métal values f o r the p r o t e c t i o n of freshwater l i f e 
at différent hardness values (no values were given f o r Cd>. 
Table 2.4 EEC Proposed EQS Values f o r P r o t e c t i n g Freshwater L i f e 
against Heavy Metals (frora Mance and O'Donnell 1983). 
Total Hardness Dissolved Pb Dissolved Zn Dis s o l v e d Cu 
mg/1 ug/1 ug/1 ug/1 
0-50 50 70 1 
50-100 125 170 6 
100-150 125 250 10 
150-200 250 250 10 
200-250 250 250 10 
250+ 250 500 28 
The EPA (EPA 1983) c r i t e r l a , however, take i n t o account the e f f e c t of 
i n t e r m i t t e n t t o t a l métal discharges (Table 2.5). Although somewhat 
higher than continuous discharge l e v e l s , they provide a more r e a l i s t i c 
b a s i s f o r the assessment of stormwater impacts. E e c e i v i n g water 
d i l u t i o n of stormwater runoff can s u b s t a n t i a l l y decrease métal 
concentrations, although small urban streams c a r r y only s l i g h t l y 
d i l u t e d storm runoff (Cole et a l . 1984). 
Exceedance of the s i g n i f i c a n t m o r t a l i t y l e v e l s has been noted by Cole 
et a l . (1984) f o r Cu i n 50% of t h e i r U.S. natiowide samples and a l s o 
f o r Pb (27%). Threshold values are exceeded f o r a i l metals to s o i e 
extent; Pb (96%), Cu (87%), Zn (78%) and Cd (55%). Thèse exceedance 
frequencies can be compared to values c a l c u l a t e d from the data base of 
Malmqvist (1983) i n the Bergsjon catchment. For i n d i v i d u a l storm 
events Cu always exceeded threshold values, while Zn (53%) and Pb 
(63%) exceeded l e s s often than i n the U.S. nationwide survey. The 
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acute l e v e l s were exceeded by a l l three metals; Zn (11%), Pb (16%) and 
p a r t i c u l a r l y Cu (95%). 
Table 2.5 EPA Water Target Concentrations, ug/1 Total Metal (from 
EPA 1983). 
Heavy Total Hardness Freshwater Toxic I n t e r m i t t e n t Discharge 
Metal mg/1 C r i t e r i a Mg/1 C r i t e r i a Mg/1 
24 Hour Maximum Threshold S i g n i f i c a n t 
M o r t a l i t y 
Copper 50 5.6 12 20 50-90 
100 5.6 22 35 90-150 
300 5.6 62 115 265-500 
Zinc 50 47 180 380 870-3200 
100 47 321 680 1550-4500 
300 47 800 1700 3850-11000 
Cadmi u m 50 0.01 1.5 3 7-160 
100 0. 02 3. 0 6.6 15-350 
300 0.08 9.6 20 45-1070 
Lead 50 0.75 74 150 350-3200 
100 3.8 172 360 820-7500 
300 50. 0 660 1400 3100-29000 
LaPoint et a l . (1984) found that i n some cases p o l l u t e d streams had a 
change i n the benthic fauna due to n u t r i e n t and organic excesses 
rather than metal impaction. The metal concentrations i n some streams 
i n the U.S. g r e a t l y exceed EPA standards and yet have a r e l a t i v e l y 
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healthy, i f r e s t r i c t e d , b i o t a . Urban streams o f t e n have a t u r b u l e n t , 
h i g h l y oxygenated flow which might help to support a d i v e r s e metal 
t o l e r a n t p o p u l a t i o n ( E l l i s 1985). I t was suggested by LaPoint et a l . 
(1984) that the EPA c r i t e r i a may be o v e r - s t r i n g e n t as they are based 
on t o x i c i t y evidence from only a few s e n s i t i v e a q u a t i c s p e c i e s . 
However, t h e i r own r e s u l t s g e n e r a l l y showed that c o n t r o l zones had a 
s t a t i s t i c a l l y higher species r i c h n e s s and i n v e r t e b r a t e abundance than 
metal p o l l u t e d zones. 
2.1.5 Heavy Metal S p e c i a t i o n i n Urban Runoff: Sources and T o x i c i t y . 
Whilst the c o n t r i b u t i n g sources of heavy metals w i t h i n the urban 
catchment are s t i l l somewhat s p e c u l a t i v e , i t i s now widely accepted 
that the l e v e l s of these p r i o r i t y p o l l u t a n t s i n storm runoff can be 
s u b s t a n t i a l . Metals are l i k e l y t o undergo p h y s i c a l and chemical 
s p e c i a t i o n changes during t h e i r t r a n s p o r t over the urban surface and 
through the below ground system. The chemical processes which could 
act on metal s p e c i a t i o n include; pH changes, v a r i a t i o n s i n reducing or 
o x i d i s i n g c o n d i t i o n s , organic and ino r g a n i c l i g a n d c o n c e n t r a t i o n s , 
i o n i c s t r e n g t h . 
I t i s not known whether the r e s u l t i n g metal spec i e s exert a t o x i c 
e f f e c t on r e c e i v i n g stream h a b i t a t s . However, i n c r e a s i n g u r b a n i s a t i o n 
seems to lead to increased metal l e v e l s i n the fauna of streams 
r e c e i v i n g stormwater runoff ( E l l i s et a l 1985). Progress i n the study 
of s p e c i a t i o n i n na t u r a l water systems i s now s u f f i c i e n t to enable a 
d i f f e r e n t i a t i o n of p o t e n t i a l l y t o x i c heavy metal s p e c i e s i n urban 
stormwater. Large f l u x e s of t o x i c heavy metal spec i e s from stormwater 
discharges may w e l l be hazardous to both the fauna and the f l o r a of a 
r e c e i v i n g stream. The determination of metal impact can be aided by 
the use of water q u a l i t y standards together with an a p p r e c i a t i o n of 
the t o x i c i t y of the metal species present. 
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2.2 T h e o r e t i c a l Aspects of the S p e c i a t i o n of Heavy Metals i n Natural 
Waters. 
Heavy metals i n aqueous systems may occur as organic and inorganic 
complexes of varying s i z e s , or be associated with p a r t i c u l a t e 
m a t e r i a l s of a heterogeneous nature. Stumm and Brauner (1975) and 
Steinnes (1983) have o u t l i n e d the various forms i n which metals are 
thought t o e x i s t i n seawater (Table 2.6). An important problem, which 
r e l a t e s to most n a t u r a l aquatic systems, i s the d i f f i c u l t y of 
d i s t i n g u i s h i n g between d i s s o l v e d and p a r t i c u l a t e s p e c i e s using 
conventional p h y s i c a l methods, such as f i l t r a t i o n . 
T h e o r e t i c a l c o n s i d e r a t i o n s of metal s p e c i a t i o n have been developed by 
B u f f l e (1981). Dissolved l i g a n d s , l i v i n g c e l l s and suspended s o l i d s 
compete f o r metals under c e r t a i n thermodynamic and k i n e t i c 
c o n s t r a i n t s . The complexity of t h i s system i s p a r t l y i l l u s t r a t e d i n 
Figure 2.1. Metal l i g a n d complexes have a metastable r e l a t i o n s h i p with 
the free metal i o n as we l l as l i v i n g c e l l s and suspended sediment 
p a r t i c l e s . Despite the progress which i s being made with the 
measurement of the d i f f e r e n t s t a b i l i t y constants there i s s t i l l a lack 
of c e r t a i n t y concerning t h e i r values. The approach suggested by B u f f l e 
(1981) using these constants i n d i c a t e s that the f r e e metal ion only 
competes f o r the l i v i n g c e l l , w h i l s t both the f r e e metal ion and metal 
complex can a t t a c h to the suspended s o l i d . The l i g a n d s that i n t e r a c t 
w ith the metal i o n can be e i t h e r organic or i n o r g a n i c . 
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Table 2.6 The Si z e Spectrum and A s s o c i a t i o n s of Metal Species i n 
Natural Waters (from Stumm and Brauner 1975, Steinnes 
1983). 
Phase Species Present Diameter Range 
(Molecular Weight) 
Dissolved I n o r g a n i c a l l y complexed metals. 0-0.8 nm 
Metals complexed with small (0-150) 
organic molecules. 
Free metal i o n s . 
C o l l o i d a l Metals a s s o c i a t e d with organic/ 0.8-400 nm 
Fe oxide c o l l o i d s . (150-10
7
) 
Metals complexed with organic 
f i b r i l s . 
Suspended Carbonate bound metals. > 400 nm 
S o l i d s and Metals adsorbed onto or bound (> 10
7
) 
P a r t i c u l a t e s t o Fe and Mn hydrous oxides. 
O r g a n i c a l l y complexed metal 
species. 
Metals adsorbed onto, or 
contained w i t h i n the l a t t i c e 
of, c l a y s , sands and s i l t s . 
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,1=i1etal, L=Lig«nd, K=Qi330ciation Constant, K
hL
=Adsorption of 111 on Solid, K L=Kd3crption of L on 
solid, K" zfld3orption of 11 on solid, K^Adsorption of il on csi 1 Mabrans, K*«i_-3tabi 1 ity constant of 
,1 and I in solution, 
Figure 2. 1 The Most Relevant Reactions of a Toxic Metal i n a Water 
Sample ( a f t e r B u f f l e 1981). D i f f u s i o n Rates are net 
included. 
These t h e o r e t i c a l c o n s i d e r a t i o n s are a useful b a s i s i o r the 
determination of t o x i c or b i o a v a i l a s l e metal s p e c i e s . An exact 
separation of a l l the chemical s o e c i e s would be beyond the reach of 
present s p e c i a t i o n techniques, but a determination of t o x i c reetal 
could be of considerable value f o r the screening of wastewaters and 
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storm e f f l u e n t s and i n developing in-stream standards f o r water 
q u a l i t y o b j e c t i v e s . 
2.3 Instrumentation f o r S p e c i a t i o n Studies. 
The development of s e n s i t i v e a n a l y t i c a l techniques s u i t a b l e f o r the 
measurement of heavy metals at t r a c e l e v e l s (1Q
- 6
 to 10~
1o
M) has been 
of obvious importance i n the determination of heavy metal spe c i e s . 
Some techniques are p a r t i c u l a r l y s u i t a b l e f a r s p e c i a t i o n s t u d i e s . A 
d i f f e r e n t i a t i o n of chemical s p e c i e s , such as free metal io n s , from 
t o t a l metal can be achieved by Ion S e l e c t i v e E l e c t r o d e s or Anodic 
S t r i p p i n g Voltammetry (ASV). A p r e l i m i n a r y s e p a r a t i o n technique, 
followed by instrumental a n a l y s i s i s a l s o s a t i s f a c t o r y and Graphite 
Furnace Atomic Absorption can be used as a s e n s i t i v e d e t e c t o r . 
2.3.1 Ion S e l e c t i v e E l e c t r o d e s . 
The s p e c i e s - s p e c i f i c nature of metal Ian S e l e c t i v e Electrodes which 
respond only t o the a c t i v i t y of the free <hydrated) metal i o n , has 
a t t r a c t e d widespread i n t e r e s t (Florence and Batley 1980). The l i m i t i n g 
f a c t o r i n these techniques i s the non-linear response of the electrode 
to metal a c t i v i t y below * 10~
e
K, although measurements i n the non­
l i n e a r r e g i o n can be made with proper c a l i b r a t i o n (Midgley 1981) and 
concentrations as low as 10"""
1
'^ H have been monitored i n the presence of 
metal b u f f e r s (Avdeef et a l . 1983). 
The most commonly used electrode f o r trace metal d e t e c t i o n i s the Cu 
el e c t r o d e . Cadmium and Pb Ion S e l e c t i v e Electrodes have been found to 
be un s u i t a b l e f o r n a t u r a l water a n a l y s i s (Florence and Batley 1977). 
However, with the attainment of lower d e t e c t i o n l i m i t s due to an 
understanding of i n t e r f e r e n c e s and electrode response to pH and i o n i c 
s trength changes, a more widespread use of Cu, Cd and Pb el e c t r o d e s i s 
p o s s i b l e . 
Some e a r l y s t u d i e s have a p p l i e d the technique to Cu i n seawater 
(Blaedel and Dlnwiddie 1974, J a s i n s k i et a l . 1974). The technique has 
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been found to be u n r e l i a b l e f o r c o a s t a l water samples due probably to 
i n t e r f e r e n c e by c h e l a t i n g agents ( J a s i n s k i et a l . 1974) and the same 
problems might be expected In p o l l u t e d waters with a high organic 
content. 
The d e t e c t i o n l i m i t f o r the Cu e l e c t r o d e i s s u f f i c i e n t l y low to allow 
the a n a l y s i s of the metal i n many p o l l u t e d waters. The l i m i t of 
d e t e c t i o n i s determined by the s o l u b i l i t y of the electrode m a t e r i a l s 
(Midgley 1981) and i n p a r t i c u l a r the membrane ( J a i n and Schultz 1984). 
It i s important to s a t i s f y the experimental c o n d i t i o n s so that only a 
Cu i o n response i s obtained, as* t h i s can be a f f e c t e d by the p h y s i c a l 
s t a t e of the electrode surface and the chemical environment w i t h i n 
which the electrode i s working (Frazer et a l . 1983). Changes i n pH and 
i o n i c strength can have a dramatic e f f e c t on the e l e c t r o d e response 
and i t i s therefore necessary to take these i n t o account when using 
Ion S e l e c t i v e Electrodes to monitor environmental samples. 
2.3.2 Anodic S t r i p p i n g Voltammetry. 
ASV i n the d i f f e r e n t i a l pulse mode i s s u f f i c i e n t l y s e n s i t i v e , with a 
t y p i c a l d e t e c t i o n l i m i t of about lO^M, f o r the d i r e c t determination 
of heavy metals i n n a t u r a l waters (Florence 1982a). This a n a l y t i c a l 
technique has an i n t r i n s i c c a p a b i l i t y f o r s p e c i a t i o n work due to the 
d i s t i n c t i o n of the e l e c t r o c h e m i c a l l y a v a i l a b l e f r a c t i o n , which may be 
t o x i c , and the bound or e l e c t r o c h e m i c a l l y i n e r t f r a c t i o n which i s l e s s 
l i k e l y to demonstrate t o x i c p r o p e r t i e s . 
2-3.2. 1 T h e o r e t i c a l Considerations. 
ASV i n i t i a l l y involves a bulk e l e c t r o l y s i s step ( p r e - e l e c t r o l y s i s ) to 
concentrate the desired metals i n t o the small volume of a Hg 
e l e c t r o d e . The Hg electrode may be e i t h e r a banging drop or t h i n f i l m 
type. Following t h i s e l e c t r o d e p o s i t i o n step, the material i s 
r e d i s s o l v e d or s t r i p p e d from the electrode using d i f f e r e n t i a l pulse or 
l i n e a r sweep voltammetry and the current recorded. If the c o n d i t i o n s 
during p r e - e l e c t r o l y s i s are constant then exhaustive e l e c t r o l y s i s of 
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the s o l u t i o n i s not necessary and, by proper c a l i b r a t i o n u t i l i s i n g 
f i x e d e l e c t r o l y s i s times, the measured voltammetric response can be 
employed to f i n d the s o l u t i o n concentration. 
The redox procédure all o w s the d i f f e r e n t i a t i o n of métal speci e s at low 
l e v e l s and during the p l a t i n g step the p o t e n t i a l can be set so that 
c e r t a i n métal species are not reduced. In the S t r i p p i n g process the 
peak p o t e n t i a l w i l l dépend on the métal species présent and hence the 
f o l l o w i n g équations (équations 2.1-2.3) apply; 
Déposition (plating) step 
Kr 
ML ^  H** = L
2
- 2. 1 
M
2
* + Hg + 2e~ ^  M(Hg) 2.2 
Stripping step 
M(Hg) ^ f f
2
* + Hg + 2e- 2.3 
ML= Species of interesl, M2*= Aquo aetal ion, L2"= Free ligand, Kt and Kb = Rate Constants, 
The c o n t r i b u t i o n of a métal complex species (ML) t a the ASV peak 
height or current r e l a t i v e t o that of the free métal i o n , dépends on 
the rate constant f o r the d i s s o c i a t i o n of the complex and the 
thickness of the d i f f u s i o n l a y e r . D i f f u s i o n l a y e r t h i c k n e s s dépends on 
the s t i r r i n g r a t e and therefore the t h i c k e r the d i f f u s i o n l a y e r , the 
higher the c o n t r i b u t i o n of a métal complex to the ASV wave height 
(Florence 1982a). No research work has been reported concerning the 
détermination of d i f f u s i o n l a y e r t h i c k n e s s (.S) which r e q u i r e s a w e l l 
defined r o t a t i n g d i s e électrode t o enable S to be c a l c u l a t e d as a 
fun c t i o n of the r o t a t i o n speed ( V h i t f i e l d and Turner 1979). 
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2.3.2.2 A p p l i c a t i o n of the Technique and i t s Problems 
ASV has commonly been a p p l i e d to the primary d i s t i n c t i o n between 
" l a b i l e " and "bound" metals i n f i l t e r e d water samples (Chau and Lum-
Shue-Chan 1974, Duinker and Kramer 1977). The normal procedure f o r 
est i m a t i n g the f r a c t i o n of l a b i l e or e l e c t r o c h e m i c a l l y a v a i l a b l e metal 
in v o l v e s a standard a d d i t i o n a n a l y s i s of an untreated sample and i s 
there f o r e dependent on the k i n e t i c s of the r e a c t i o n s c o n t r o l l i n g the 
a s s i m i l a t i o n of the metal spike ( W h i t f i e l d and Turner 1979). L a b i l e 
metal, as defined by the experimental c o n d i t i o n s , t h e r e f o r e i n c l u d e s 
i o n i c as we l l as some weakly complexed metal. Bound metal i s 
i d e n t i f i a b l e as the n o n - l a b i l e f r a c t i o n and i s t y p i c a l l y a s s o c i a t e d 
with a v a r i e t y of organic and in o r g a n i c c o l l o i d a l m a t e r i a l s (Batley 
and Florence 1976a). 
Astruc et a l . (1981) have s t a t e d that there i s a need to replace the 
" l a b i l i t y " concept with e q u i l i b r i u m and r a t e constant values. 
W h i t f i e l d and Turner (1979) have suggested that t h i s i s p o s s i b l e with 
a r o t a t i n g d i s c e l e c t r o d e , although most measurements have been made 
with hanging Hg drop electodes. 
There are a number of problems p e r t a i n i n g to the ASV a n a l y t i c a l 
procedure which must be considered; 
a) Surface a c t i v e compands ( s u r f a c t a n t s ) may adsorb on the Hg 
electrode causing metal peak i n t e r f e r e n c e (Florence 1982a). 
S u r f a c t a n t s , although not a l t e r i n g the peak p o s i t i o n , have been found 
to enhance Cu and Pb peaks by 20% and 10%, r e s p e c t i v e l y and to 
suppress Cd responses at concentrations i n the mg/1 range (Beveridge 
and P i c k e r i n g 1984). At the ug/1 l e v e l of even r e l a t i v e l y p o l l u t e d 
waters, the low concentrations of s u r f a c t a n t s would not be expected t o 
have a s i g n i f i c a n t e f f e c t on observed ASV peaks, e s p e c i a l l y 
c o n s i d e r i n g sampling v a r i a b i l i t y i n co n j u n c t i o n with the ASV 
p r e c i s i o n , Metals can therefore s t i l l be determined i n the presence of 
s u r f a c t a n t s , provided the standard a d d i t i o n approach i s used. 
b) Tensammetric waves a r i s e as a r e s u l t of adsorption-desorption 
processes at the Hg electrode and have been mistaken f o r Cd, Pb or Cu 
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peaks i n seawater a n a l y s i s . Natural organic compounds i n seawater give 
r i s e to these tensammetric waves which, at pH 5.0, occur near the Pb 
and Cd peaks. However, they do not appear i f a simple l i n e a r voltage 
scan i s used (Florence 1982a). 
c) In p r a c t i c e , the removal of oxygen by bubbling nitrogen through the 
sample i s necessary to prevent i n t e r f e r e n c e on the polarogram. In 
poorly buffered waters t h i s may cause a l a r g e pH increase, due to 
carbon dioxide e v o l u t i o n , and a r e s u l t i n g change i n metal s p e c i a t i o n . 
This problem can be overcome by the a d d i t i o n of a s u i t a b l e b u f f e r or 
by f l u s h i n g with a s u i t a b l e N^/COa gas mixture. Sodium acetate i s 
probably the most commonly employed b u f f e r but cannot be considered to 
be completely non-complexing. 
d) As ASV i s an electrochemical procedure a base e l e c t r o l y t e must be 
employed i f the sample does not already have an i o n i c s t r e n g t h of at 
l e a s t 0.02M. Many n a t u r a l waters do not meet t h i s requirement and, 
t h e r e f o r e , the a d d i t i o n of KNOs or KC1 may be considered. 
e) Copper forms an i n t e r m e t a l l i c compound with Zn r e s u l t i n g i n an 
overestimation of the Cu c o n c e n t r a t i o n . To overcome t h i s problem Zn 
and Cu must be determined s e p a r a t e l y . 
2,3,2,3 Comparison of ASV Measurements with a Model C e l l . 
W h i t f i e l d and Turner (1979) have reported two concepts that have been 
used to provide chemical analogues of the b i o l o g i c a l a v a i l a b i l i t y of 
t r a c e metals. 
a) Thermodynamic a v a i l a b i l i t y ; t h i s r e l a t e s t o the a c t i v i t y of the 
p a r t i c u l a r form t h a t i s taken up p r e f e r e n t i a l l y by an organism. 
b) Electrochemical a v a i l a b i l i t y ; t h i s i s the f r a c t i o n of the t o t a l 
metal concentration that i s a v a i l a b l e f o r e l e c t r o - d e p o s i t i o n at an 
electrode immersed i n the s o l u t i o n during the timescale of the p l a t i n g 
process. 
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Figure 2.2 A Comparison of the Conditions during the Sensing of 
Metal Ions at Two Electrode Systems and a Model C e l l 
(from W h i t f i e l d and Turner 1979). 
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Figure 2.2 i l l u s t r a t e s ía) the r e a c t i o n s o c c u r r i n g at an Ion S e l e c t i v e 
E l e c t r o d e , (b) at the ASV hanging Hg drop or Hg f i l m and Cc) at the 
surface of a model b i o l o g i c a l c e l l . The membrane of the Ion S e l e c t i v e 
Electrode simply senses the free metal ion without accumulation and 
hence the metal f l u x (J) i s zero. The accumulation of metal i o n at the 
model c e l l i s not comparable t o t h i s system. On the other hand, ASV 
shows a metal f l u x (J*) which depends on the c o n d i t i o n s employed i n 
the a n a l y s i s . I f the d i f f u s i o n l a y e r t h i c k n e s s (<S) i s known then a 
use f u l comparison with the metal f l u x at the model c e l l can be made. 
However, i t i s important t o r e a l i s e that the tra n s p o r t of metal i n t o 
the c e l l i s dependent on membrane c o n d i t i o n s w h i l s t , i n ASV the 
l i m i t i n g c o n d i t i o n i s the metal f l u x i n the d i f f u s i o n l a y e r and 
consequently uptake by the model c e l l i s comparatively low. 
Although some features of the model c e l l cannot be reproduced 
e l e c t r o c h e m i c a l l y , e.g. surface adsorption s i t e s , the work of 
W h i t f i e l d and Turner (1979) suggests that e l e c t r o c h e m i c a l l y a v a i l a b l e 
metal may r e l a t e to b i o a v a i l a b l e metal. However, i t should be 
remembered th a t ASV does measure some species which are un a v a i l a b l e t o 
b i o t a e.g. CuCOs (Luoma 1983). Despite t h i s the model does provide a 
use f u l analogy between the b i o a v a i l a b l e and e l e c t r o c h e m i c a l l y 
a v a i l a b l e metal forms. 
2.3.3 Graphite Furnace Atomic Absorption. 
Although the technique i s non-species s e l e c t i v e , Graphite Furnace 
Atomic Absorption i s an automated s e n s i t i v e technique s u i t a b l e f o r 
measuring t o t a l metal concentrations (Astruc et a l . 1981). I t can be 
used, i n con j u n c t i o n with a p r e l i m i n a r y s e p a r a t i o n process, to provide 
information on metal s p e c i a t i o n . Gas Chromatography f o r v o l a t i l e 
organa-metallics (Fernandez 1977, Van Loon 1979) and s e p a r a t i o n on the 
bas i s of s i z e or charge (Guy and Chakrabarti 1976) are t y p i c a l f i r s t 
s teps. 
I n d u c t i v e l y Coupled Plasma techniques are now being i n c r e a s i n g l y used, 
with the high temperature plasma as a s p e c t r a l emission source. With 
-35-
comparable d e t e c t i o n l i m i t s t o Graphite Furnace Atomic Absorption the 
main advantage i s a p p l i c a t i o n i n simultaneous multi-element a n a l y s i s 
(Pinta 1978). 
2.3. 4 Other A n a l y t i c a l Techniques. 
Neutron A c t i v a t i o n A n a l y s i s and X-ray Fluorescence can be used to 
detect heavy metals, although t h e i r a p p l i c a t i o n s t o s p e c i a t i o n are 
l i m i t e d . 
2.3.4.1 Neutron A c t i v a t i o n A n a l y s i s . 
The r a d i o a c t i v e p r o p e r t i e s of a n u c l i d e can be u t i l i s e d t o detect an 
element using Neutron A c t i v a t i o n A n a l y s i s . A f t e r bombarding a sample 
with neutrons i n a r e a c t o r the induced a c t i v i t y i s compared with 
standards to provide both q u a l i t a t i v e and q u a n t i t a t i v e r e s u l t s . The 
technique i s very s e n s i t i v e p r o v i d i n g that a l l the samples and 
standards are i r r a d i a t e d i n the same p a r t i c l e f l u x . With water samples 
i t i s u s u a l l y necessary to c a r r y out a p r e l i m i n a r y s e p a r a t i o n step t o 
remove Na, Mg and P, which i n t e r f e r e and decrease the p r e c i s i o n of the 
technique. T o t a l metal concentrations are measured by Neutron 
A c t i v a t i o n A n a l y s i s , although de Jong and Wiles (1976) have used the 
method to determine methylmercury i n f i s h . 
2.3.4.2 X-ray Fluorescence. 
Total heavy metals can a l s o be determined by X-ray Fluorescence. This 
i s a h i g h l y s e n s i t i v e technique which has r e c e n t l y been incorporated 
i n t o a s p e c i a t i a n scheme f o r heavy metals i n r i v e r water (Pik et a l . 
1982). P a r t i c u l a t e m aterial i s analysed d i r e c t l y by t h i n f i l m X-ray 
Fluorescence, while determination of the d i s s o l v e d phase r e q u i r e s co-
p r e c i p i t a t i o n of the metals before a n a l y s i s . The low d e t e c t i o n l i m i t s 
of t h i s method (Cd =0.1 ug/1, Pb = 1.6 ug/1) suggest the p o s s i b i l i t y 
of a more widespread use of X-ray Fluorescence i n f u t u r e s p e c i a t i a n 
schemes. 
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2.3.5 Assessment of the Instrumentation Techniques A p p l i c a b l e to 
S p e c i a t i o n Work. 
A d i r e c t measurement of b i o a v a i l a b l e heavy metals i s h i g h l y d e s i r a b l e 
f o r the r a p i d screening of wastewaters. W h i t f i e l d and Turner (1979) 
demonstrated that d i r e c t ASV a n a l y s i s i s more r e p r e s e n t a t i v e of the 
b i o a v a i l a b l e f r a c t i o n than Ion S e l e c t i v e E l e c t r o d e s , although the 
comparison of an electrochemical c e l l with a model b i o l o g i c a l c e l l can 
only be a t h e o r e t i c a l one. Atomic Absorption, Neutron A c t i v a t i o n 
A n a l y s i s and X-ray Fluorescence measure only the t o t a l heavy metal and 
t h e r e f o r e the sample r e q u i r e s s u i t a b l e p r e l i m i n a r y separation 
techniques before metal a n a l y s i s . 
Procedures f o r the P h y s i c a l and Chemical Separation of Heavy 
Metals i n the Dissolved Phase. 
The p r e l i m i n a r y separation of heavy metals according to physico-
chemical c h a r a c t e r i s t i c s has been c a r r i e d out i n a v a r i e t y of ways. 
Ion exchange r e s i n s which are s e l e c t i v e f o r heavy metals may be used 
to remove the t o x i c metal s p e c i e s , w h i l s t o r g a n i c a l l y bound metals can 
be released by s e v e r a l d i f f e r e n t o x i d a t i o n procedures. Separation on 
the b a s i s of s i z e allows the d i f f e r e n t i a t i o n of d i s s o l v e d , c o l l o i d a l 
and p a r t i c u l a t e a s s o c i a t e d metal sp e c i e s . The d i f f e r e n t approaches are 
complementary to each other p r o v i d i n g a wide range of information on 
metal s p e c i a t i o n . 
2, 4,1 loa Exchange. Techniques, 
The i n t r o d u c t i o n of heavy metal s e l e c t i v e ion exchange r e s i n s has 
provided an important step forward i n s p e c i a t i o n s t u d i e s . I t i s 
thought that these r e s i n s may provide some i n d i c a t i o n of b i o a v a i l a b l e 
metal and i f such a r e s i n can be developed then i t could f i n d a 
valuable use i n the removal of t o x i c metal species from wastewaters. 
Chelex-100 i s known to take up the f r e e metal ion and weakly complexed 
metals. T h i o l r e s i n s may more c l o s e l y resemble the n a t u r a l uptake of 
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metal ions; c e r t a i n l y mere Cu i s removed by t h i s r e s i n (Florence 
1982b). C e l l u l o s e c h e l a t i n g exchangers provide a q u a n t i t a t i v e removal 
of metais from the aqueous environment, although s p e c i e s - s p e c i f i c 
c h e l a t i n g groups might u s e f u l l y be attached to the c e l l u l o s e . 
Ion exchange separations have been used i n s p e c i a t i o n schemes to 
separate c a t i o n i c from ani o n i c metal species (Ramamoorthy and Morgan 
1983), although Eatley (1983J has s t a t e d that such separations 
probably have l i t t l e b i o l o g i c a l relevance. 
2.4.1.1 Ion Exchange Theory. 
The uptake and storage of metal ions by sorbent Ion exchange r e s i n s i 
shown i n Figure 2.3. The metal ion may adsorb e i t h e r t o the r e s i n 
surface or, a f t e r d i f f u s i o n , t o the pore, s u r f a c e . A s t r o n g d i f f u s i o n 
gradient a l l o w s the transport of metal ions i n t o the r e s i n pares due 
to the r a p i d c h e l a t i o n of metal by the r e s i n . The r e s i n s t r u c t u r e i s 
homogeneous down to 0.5-1.0 nm and so should prevent the entry of 
c o l l o i d s . 
D i f f u s i o n 
Mass t r a n s f e r 
t o t h e P a r t i c l e 
S u r f a c e 
? c r e D i f f u s i o n 
i n t h e F l u i d 
P h a s e 
R e a c t i o n , a t t h e 
l i q u i d / S o l i d Phase Boundary 
Figure 2.3 Uptake and D i f f u s i o n of Xezal Ions onto and around an Ic 
Exchange Resin (from Perry and C h i l t o n , 1982). 
E q u i l i b r i u m behaviour of metal ions with an ion exchange r e s i n can be 
described by p l o t t i n g metal concentration i n the s o l i d phase against 
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metal concentration i n the l i q u i d phase (Figure 2.4). The experiment 
i s c a r r i e d out by the t i t r a t i o n of a constant metal concentration onto 
the r e s i n , contained i n a column, and measurement of the eluant metal 
c o n c e n t r a t i o n . 
F r a c t i o n of 
T o t a l Retal 
Eluant Volume ( a l s . ) 
Figure 2.4 Langmuir Isotherm d e s c r i b i n g Metal uptake E q u i l i b r i u m 
with an IOD Exchange Resin. 
The Langmuir Isotherm, shown i n Figure 2.4* a p p l i e s to ion exchange on 
completely homogeneous surfaces. The curve i s l i n e a r near the o r i g i n 
and shows a constant separation u n t i l s a t u r a t i o n i s reached. 
2.4.1.2 Chelex-100 C h e l a t i n g Resin. 
This r e s i n has been s u c c e s s f u l l y a p p l i e d to seawater metal a n a l y s i s 
( R i l e y ar.d Taylor i960, Florence and Batley 1976). The r e s i n c o n t a i n s 
an imincdiacetate c h e l a t i n g group which i s h i g h l y s e n s i t i v e f o r heavy 
metals. These are s t r o n g l y cospiexed by the oxygen and nitrogen atoms 
of the imincdiacetate groups, but i t i s mainly only the i o n i c f o r i of 
the s e t a l which i s taken up due to the small ocre diameter of the 
r e s i n (1.5 to 3 nm). The s t a b i l i t y of the imi nodiacetäte groups 
(lo g K * 13 f o r Cu) i s such that weakly complexed metals may 
d i s s o c i a t e and p r e f e r e n t i a l l y a s s o c i a t e with the Chelex-100. The i o n i c 
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form r e t a i n e d by the r e s i n represents the more r e a d i l y b i o a v a i l a b l e 
metal, w h i l s t the o r g a n i c a l l y coated c o l l o i d a l partióles which are 
excluded are nevertheless considered t o be p o t e n t i a l l y a v a i l a b l e f o r 
metal s o l u b i l i s a t i o n and t r a n s p o r t . 
An a l t e r n a t i v e theory concerning the uptake mechanism of metáis by 
Chelex-100 has been put forward by Figura and PtcDuffie (1979). The 
slow d i s s o c i a t i o n af metal complexes i n s o l u t i o n , r a t h e r than 
molecular e x c l u s i o n , i s s t a t e d t o be the cause of the incomplète 
rétention by Chelex-100 of some t r a c e metáis i n na t u r a l waters. Henee 
the nan-uptake of h i g h l y s t a b l e metal-líTA complexes by Chelex-100 
complexes may be due to slow r e s i n k i n e t i c s . The time s c a l e of metal 
l a b i l i t y f o r Chelex-100 may be a few seconds, compared t o ASV where 
the contact time, of a small p r o p o r t i o n of the sample s o l u t i o n , with 
the électrode surface i s only a few m i l l i s e c o n d s (Cox et a l . 1984). 
Two experimental approaches f o r the use af Chelex r e s i n have been 
tested: 
a) Resin bed i n a column; metal ions are taken up as the water sample 
passes down the column at a known. flow r a t e , t y p i c a l l y 1-2 ml/min 
(Florence and Bat l e y 1975, Montgomery and Santiago 1978). B l o c k i n g of 
the columns due to the s w e l l i n g c h a r a c t e r i s t i c s of Chelex-100 i s a 
comraon problem with t h i s technique. 
b) Batch technique; longer contact times, up to 16-24 hours, are 
employed enabling f u l l équilibration of r e s i n and sample metáis to be 
reached (Hart and Davies 1977). The method has proved u s e f u l i n 
i d e n t i f y i n g c o l l o i d a l a s s o c i a t e d metáis on the b a s i s t h a t thèse are 
not k i n e t i c a l l y l a b i l e during the batch experiment (Figura and 
HcDuffie 1980). A c r i t i c i s m of the method i s that displacement of 
Chemical e q u i l i b r i a may occur so that chelates that are s u f f i c i e n t l y 
l a b i l e may be d i s p l a c e d (Astruc et a l . 1981). 
In arder t o maintain s t a b l e pH c o n d i t i o n s i n the sample and to c a r r y 
out the experiment over a wide range of pH values the Ca form of 
Chelex-100 i s now pre f e r r e d (Figura and HcDuffie 1977) compared t o the 
Na (Hart and Davies 1977) and H (Florence and Bat l e y 1975) forms. 
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The e f f i c i e n c y of Pb recovery from tap water by Chelex-100 has been 
s t u d i e d by de Mora and Harrison (1983b), Even i n the batch mode, 
Chelex-100 could not remove a l l the metal present, although a 
poly(maleic anhydride) r e s i n d i d e x h i b i t a 100% removal e f f i c i e n c y . 
This can be explained by the greater a f f i n i t y of the poly(maleic 
anhydride) r e s i n for s t r o n g l y complexed Pb s p e c i e s . 
Despite problems with the i n t e r p r e t a t i o n of the r e s u l t s i n terms of 
the l e v e l s of t o x i c metal, the use of Chelex-100 i s a f l e x i b l e 
technique which allows the concentration of a v a r i e t y of metal ions 
over a wide pH range to be determined. A simple s e p a r a t i o n by e i t h e r 
the Column or Batch technique i s r a p i d , Inexpensive and with care 
presents l i t t l e opportunity f o r contamination. 
2.4,1,3 Th i o l Chelating Resins. 
Recently T h i o l based m a t e r i a l s have been used s u c c e s s f u l l y to remove 
Zn, Cd, Pb and Cu from na t u r a l waters (Florence 1982b). The presence 
of c h e l a t i n g sulphydryl groups has been shown to c o r r e l a t e with heavy 
metal t o x i c i t y (Fisher and P r i c e 1981) and on t h i s b a s i s the metal 
f r a c t i o n removed by the t h i o l group i s considered t o be a r e a l i s t i c 
estimate of b i o a v a i l a b l e metal (Florence 1982b). The t r a n s p o r t a t i o n of 
metals across a c e l l membrane i s believed to be dependent on the l i p i d 
s o l u b i l i t y of metal species. S i m i l a r i t i e s between metal 1othioneins and 
membrane c a r r i e r proteins (Cherlan and Goyer 1978, Koyiroa and Kagl 
1978, Lerch 1980, E o e s i j a l d i 1980) suggest that metals may be 
complexed and transported i n a s s o c i a t i o n with s u l p h y d r y l groups. This 
process may be simulated using a T h i o l r e s i n and i t has been reported 
that t h i o l materials g e n e r a l l y have a lower a f f i n i t y f o r Pb, Cd and 
Zn, but a higher a f f i n i t y f a r Cu, than Chelex-100. The order of 
s e l e c t i v i t y at pH 5.5 i s Cu(II) > Pb(II) > Cd(II) > Z n ( l l ) . 
Florence (1982b) has reported metal s p e c i a t i o n r e s u l t s f o r a 
t h i a g l y c o l l a t e c h e l a t i n g r e s i n which was i n i t i a l l y prepared by 
P h i l l i p s and F r i t z (1978). The r e s i n contains the thioglycoloxyraethyl 
c h e l a t i n g group (-CH
2
0C0-CH;
:
SH) attached t o the benzene r i n g of a 
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polystyrene-divinylbenzene r e s i n (XAD-4). The use of 500 mg r e s i n / 
50 ml of sample i s considered to be s u i t a b l e f o r a batch e x t r a c t i o n . 
The sulphur content of the prepared r e s i n i s g e n e r a l l y 1.87 mmol/g and 
heavy metals form a 1:2 complex with the mercapto group of the r e s i n 
( P h i l l i p s and F r i t z 1978). 
2.4.1.4 C h e l a t i n g C e l l u l o s e Exchangers. 
C e l l u l o s e exchangers have been used to remove heavy metals from water 
samples by a t t a c h i n g s u i t a b l e c h e l a t i n g groups. Hyphan i s a c e l l u l o s e 
c h e l a t i n g exchanger which i s s e l e c t i v e f o r heavy metals at trace 
l e v e l s . Using t h i s m a t e r i a l Burba and Willraer (1982a, 1982b) found 
that heavy metals were recovered from seawater t o the extent of 80-
100%. In simulated aqueous samples the metals were s t r i p p e d o f f huraic 
a c i d s , but were not removed from EDTA complexes. Such a d i s t i n c t i o n 
could be u s e f u l i n s p e c i a t i o n s t u d i e s , although Chelex-100 has been 
more widely chosen. 
2.4.1.5 Comparison of Metal taken up by C h e l a t i n g Resins with 
T o x i c i t y t o B i o t a . 
I t i s p a s s i b l e t o a t t a c h organic groups to i o n exchange r e s i n s which 
c l o s e l y i m i t a t e those metal c h e l a t o r s found i n a b i o l o g i c a l c e l l 
(Florence 1982b). Florence et a l . (1983) have compared the growth r a t e 
of an a l g a , Kitzschia closterium, i n seawater, with the c o n c e n t r a t i o n 
of the Cu f r a c t i o n s removed by various c h e l a t i n g r e s i n s . 
Chelex-100 and T h i o l r e s i n s using the column method, as w e l l as d i r e c t 
ASV a n a l y s i s at -1.3V, were found to overestimate the t o x i c Cu 
f r a c t i o n . A S V - l a b i l e measurements at -0.6V compared more favourably t o 
the t o x i c f r a c t i o n when c o l l o i d a l type l i g a n d s were added. 
Electrochemical d e p o s i t i o n of Cu at -1.3V can t h e r e f o r e l i b e r a t e nan-
b i o a v a i l a b l e Cu from c e r t a i n complexes which i s not released at -0.6V. 
-42-
2,4-2 Techniques f o r tbe tteasurement of Q r g a n i c a l l y Associated 
Metals. 
Several methods, both chemical and p h y s i c a l , have been used t o 
décompose organic m a t e r i a l s i n n a t u r a l waters. Some organic compounds 
are h i g h l y résistant and r e q u i r e extensive o x i d a t i o n before t h e i r 
heavy metals are released. 
2.4.2.1 U l t r a - V i n l e t I r r a d i a t i o n 
The décomposition of organic compounds i n n a t u r a l waters by u l t r a ­
v i o l e t i r r a d i a t i o n was introduced by Armstrong et a l . (1966) f o r the 
détermination of organic carbon i n seawater and was subsequently used 
by other workers to rele a s e o r g a n i c a l l y a s s o c i a t e d heavy metals 
(Florence and Batley 1977, Laxen and Harrison 1981a). The sample, 
u s u a l l y 150 to 200 ml, i s introduced i n t o quartz tubes and, a f t e r the 
a d d i t i o n of a few drops of 30% RzOs-, i s i r r a d i a t e d f o r four t o eight 
hours with a médium pressure u l t r a - v i o l e t lamp of between 500 and 
1000V. 
The method has had raost success i n seawater a n a l y s i s because, i n 
freshwaters, Fe hydroxide i s released from an organic colloïdal 
c o a t i n g and c o - p r e c i p i t a t e s the heavy metals (Laxen and Har r i s o n 
1981b, Florence 1982a). I t should be p o s s i b l e t o d i s s o l v e the 
p r e c i p i t a t e i n 1M HHOa p r i o r t o a n a l y s i s although t h i s has not been 
t e s t e d . Heavy metals w i l l r a p i d l y adsorb onto the surface of the 
quartz tubes during c o o l i n g and th e r e f o r e immédiate a n a l y s i s i s 
recommended. 
2,4,2,2 Adsorption of Qrganics by Resins, 
SM2 and XAD-2 are divinylbenzene r e s i n s with a high surface area which 
can adsorb organic material from aqu a t i c samples. I t i s p o s s i b l e t o 
remove l i p i d s o l u b l e métal from a v a r i e t y of water samples using SM2 
or XAD-2 (Florence 1982b). The a n a l y s i s i s c a r r i e d out at pH 4.0 to 
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prevent free métal i o n adsorption t o the r e s i n . F o l l o w i n g adsorption, 
the l i p i d a s sociated metals are e i t h e r e l u t e d with methanol and 
decomposed by wet a c i d o x i d a t i o n (Florence 1982b) or the r e s i n and 
organics are decomposed by a dry ashing procédure (Montgomery and 
Santiago 1978). Thèse r e s i n s may be u s e f u l f o r the assessment of l i p i d 
s o l u b l e métal species (Florence 1983). 
2.4.2.3 Solvent E x t r a c t i o n . 
Solvent e x t r a c t i o n séparâtes métal species an the b a s i s of t h e i r 
p o l a r i t y (Batley 1983) and can the r e f o r e represent those spec i e s that 
are l i p i d s o l u b l e (Florence 1983). A 9;1 hexane-butanol mixture has a 
s i m i l a r d i e l e c t r i c constant to the c e l l membrane l i p i d b i l a y e r (Batley 
1983). 
2.4.2.4 Oxidation by Concentrated Acids. 
Organic material can be completely o x i d i s e d by the a d d i t i o n of 
s u i t a b l e concentrated a c i d s . Chau et a l . (1974) used a persulphate/ 
s u l p h u r i c a c i d o x i d i s i n g mixture, while Florence (1977) used a mixture 
of p e r c h l o r i c and n i t r i c a c i d s . In seawater, a réduction to pH 2.0 
followed by b o i l i n g f o r 15 minutes i s u s u a l l y s u f f i c i e n t t o l i b e r a t e 
a i l the heavy metals (Florence and Batley 1977). 
Bourcier and Sharma (1980) found no s i g n i f i c a n t différence f o r heavy 
métal concentrations a f t e r the d i g e s t i o n of stormwater s o l i d s with 
e i t h e r HF/HÏÏO3 or HCI/HNO3 mixtures. In the Middlesex Po l y t e c h n i c 
Urban P o l l u t i o n Research Centre a mixture of concentrated p e r c h l o r i c 
and n i t r i c a c i d s i n a r a t i o of 1:9 i s used as a standard method f o r 
the organic dégradation of both sédiments and f i l t e r e d water samples 
(Revitt et a l . 1981). 
2.4.2.5 Décomposition of Organics by Ozonolysls. 
The use of ozone to décompose organics i n n a t u r a l waters has been 
i n v e s t i g a t e d (Laxen and Harrison 1981a) and shown to give an 
-44-
unexpected decrease i n the l e v e l s of e l e c t r o c h e m i c a l l y a v a i l a b l e 
metals. In the case of Pb i t was suggested that t h i s was due to the 
p r e c i p i t a t i o n of the metal as PbCk- a f t e r ozone o x i d a t i o n of Pb(II) to 
Pb(IV). 
2.4.3 D i f f e r e n t i a t i o n of Metal Species by S i z e Separation. 
Heavy metals may be as s o c i a t e d with d i s s o l v e d , c o l l o i d a l or 
p a r t i c u l a t e phases. The accepted s e p a r a t i o n of the d i s s o l v e d phase by 
0.4 urn or 0.45 urn f i l t r a t i o n o ften r e s u l t s i n clo g g i n g of the f i l t e r s 
due t o the presence of organic and i n o r g a n i c c o l l o i d s (Astruc et a l . 
1981). Another approach for separating metal f r a c t i o n s i s therefore to 
d i s c r i m i n a t e on the basis of molecular s i z e or molecular weight by 
e i t h e r c e n t r i f u g a t i o n , f i l t r a t i o n , u l t r a f i l t r a t i o n or d i a l y s i s . Size 
f r a c t i o n a t i o n can be used to complement other physico-chemical 
separation methods <de Mora and Harrison (1983a). 
2, 4,3. 1 C e n t r i f u g a t i o n . 
The speed and time of c e n t r i f u g a t i o n determines the qua n t i t y of 
p a r t i c u l a t e s removed from suspension, the separation depending not 
only on s i z e but also on d e n s i t y . This makes an e f f i c i e n t comparison 
with other physical separation techniques d i f f i c u l t , C e n t r i f u g a t i o n at 
3000 rpm f o r 30 minutes has been shown to separate p a r t i c l e s smaller 
than 190 nra (Benes and Steinnes 1975) w h i l s t c e n t r i I u g a t i o n at 40000 
rpm for up to f i v e hours may remove humic substances ( B u f f l e et a l . 
1978, Steinnes 1983). 
D i a l y s i s a l l o w s the separation of d i f f e r e n t groups of species on the 
basis of p a r t i c l e s i z e ( B u f f l e 1981), T y p i c a l l y u l t r a - p u r e water i n a 
d i a l y s i s bag i s allowed to e q u i l i b r a t e with the sample for 24 hours 
(Guy and Chakrabarti 1976). Under these c o n d i t i o n s and with a pore 
s i z e of one to f i v e nm (molecular weight c u t - o f f value * 1000) i t i s 
found that f r e e d i s s o l v e d metal ion concentrations i n s i d e and outside 
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the d i a l y s i s bag are equal. An a l t e r n a t i v e approach i s to place the 
bag i n s i t u f o r 1 to 14 days u n t i l the adsorption e q u i l i b r i u m i s 
reached. D i a l y s i s in situ does not s u f f e r from the problems of normal 
d i a l y s i s , i . e . adsorption to the membrane w a l l s , as e q u i l i b r i u m with 
the surrounding water i s reached. A r e c e i v i n g c h e l a t o r , such as an i o n 
exchange r e s i n , can reduce the length of the e q u i l i b r a t i o n time from a 
few days to a few hours (Steinnes 1983). 
Hart and Davies (1981) have incorporated a semi-continuous process 
i n t o t h e i r s p e c i a t i o n scheme i n which a d i a l y s i s u n i t was coupled with 
a Chelex-100 column. This system was found to reduce the time of 
e q u i l i b r a t i o n to f i v e hours. 
Cox et a l . (1984) have compared the e f f e c t of d i f f e r e n t r e c e i v i n g 
e l e c t r o l y t e s contained w i t h i n a c a t i o n exchange membrane. The c a t i o n 
exchange membrane prevents the f l u x of s l o w l y d i f f u s i n g anions, g i v i n g 
an e q u i l i b r a t i o n time of l e s s than one hour. Receiving e l e c t r o l y t e s 
included 0.3M HC1, which l i b e r a t e s metals from weak complexes at the 
membrane/analyte i n t e r f a c e , and 0.05M EDTA which c h e l a t e s metals and 
creates a metal d i f f u s i o n gradient across the membrane. 
I t was argued that the d i a l y s i s process may r e a l i s t i c a l l y represent 
b i o a v a i l a b l e metal uptake, as i t i s a l s o a membrane t r a n s f e r process. 
Cox et a l . (1984) found that d i a l y s i s gave s i m i l a r r e s u l t s to a 
sulphonate i o n exchanger, but gave lower r e s u l t s when compared t o 
uptake by Chelex-100 r e s i n . 
D i a l y s i s could be combined with a r e c e i v i n g c h e l a t i n g r e s i n to i m i t a t e 
the metal uptake process i n a b i o l o g i c a l c e l l , the r e c e i v i n g r e s i n 
should be chosen to provide the same f u n c t i o n a l c h e l a t i n g groups found 
In c e l l c o n s t i t u e n t s . 
E l e c t r o d i a l y s i s i n v o l v e s a c c e l e r a t i o n of metal passage through the 
d i a l y s i s membrane by applying a p o t e n t i a l gradient (Steinnes 1983). 
This method has not been widely used to speciate metals i n aquatic 
samples, but could provide a r a p i d e l ectrochemical s i z e s e p a r a t i o n . 
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2.4.3.3 F i l t r a t i o n 
A s i n g l e f i l t r a t i o n step, through a 0.4 urn or 0.45 uni f i l t e r i s often 
employed as a p r e l i m i n a r y separation f o r the d i s s o l v e d and p a r t i c u l a t e 
phases. However, t h i s separation i s complicated by the presence of 
c o l l o i d s (Stumro and Erauner 1975). Laxen and Harrison <1981a) have 
introduced a s p e c i a t i o n scheme using a s e r i e s of f i v e nucleopore 
f i l t e r s ranging i n pore s i z e from 12 um to 0.015 uni. Nucleopore 
f i l t e r s act as b a r r i e r , rather than depth, f i l t e r s a l l o w i n g a very 
e f f e c t i v e c u t - o f f value and few a d s o r p t i o n l o s s e s (Sheldon 1972). ïn a 
recent review of s i z e separation techniques de Mora and Harrison 
(1983a) reconnuended the use of f i l t r a t i o n as a useful comparison to 
other s p e c i a t i o n techniques. 
2,4-3,4 U l t r a f i l t r a t i o n 
Benes and Steinnes (1974) pioneered the use of u l t r a f i l t r a t i o n i n 
s p e c i a t i o n work. U l t r a f i l t r a t i o n can be defined as the separation of 
metal f r a c t i o n s by f i l t r a t i o n below 0.015 fim. 
U l t r a f i I t r a t i o n cannot be e x a c t l y r e l a t e d to molecular weight as the 
u l t r a f i l t e r e d f r a c t i o n s are separated not only on the b a s i s of s i z e , 
but a l s o shape and charge c h a r a c t e r i s t i c s (Guy and Chakrabarti 1976). 
Nevertheless the s i z e s f o r metal speci e s can be compared with t y p i c a l 
c u t - o f f values for u l t r a - f i l t e r s . The Araicon PM10 f i l t e r has a pore 
s i z e of 1.8 nm and should permit the separation of free metal ions and 
smal1 organic and inorganic coraplexes r e s u l t i n g from trace metals 
as s o c i a t e d with humic substances and c o l l o i d a l s p e c i e s , Laxen and 
Harrison (1981a) incorporated t h i s s i n g l e u l t r a f i l t r a t i o n step i n t h e i r 
f i l t r a t i o n based scheme. 
A cascade system of u l t r a f i I t e r s , or sequential u l t r a f i l t r a t i o n , can 
be used to reduce the adsorption of high molecular weight compounds by 
preventing t h e i r contact with small pore s i z e m a t e r i a l s . Hoffmann- et 
a l . (1981) found that large concentration g r a d i e n t s could be avoided 
by only f i l t e r i n g the f i r s t 50% of the sample at each step and hence 
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avoiding the need for repeated washings. To c a l c u l a t e the 
concentration of metals i n each molecular weight range a system of 
mass balance equations was formulated. 
The main problems r e l a t i n g to u l t r a f i l t r a t i o n are as f o l l o w s : 
a) the membranes are expensive. 
b) the f i l t e r s as s u p p l i e d are often contaminated with metal and 
so l u b l e organic m a t e r i a l , 
c) contamination and adsorption l o s s e s i n u l t r a f i l t r a t i o n are 
e s p e c i a l l y s e r i o u s because there i s a large surface to volume r a t i o . 
d) the c o n c e n t r a t i o n gradient at the surface of the membrane f i l t e r 
may cause d i s s o c i a t i o n of c o l l o i d a l l y a ssociated metals and changes i n 
i o n i c s t r e n g t h . 
e) The trapping of p a r t i c l e s i n the pores of f i l t e r s make the 
separations d i f f i c u l t to achieve and consequently r e s u l t i n long 
f i l t r a t i o n times. 
Despite recent advances i n u l t r a f i l t r a t i o n t h i s technique i s s t i l l 
open to c r i t i c i s m . Nominal molecular weight c u t - o f f s are imprecise 
making the i n t e r p r e t a t i o n and comparison of r e s u l t s d i f f i c u l t . The 
technique i s expensive r e q u i r i n g a new membrane f o r each f i l t r a t i o n 
and the long f i l t r a t i o n times i n h i b i t the handling of large numbers of 
samples. Because of these problems de Mora and Harrison (19S3a> pr e f e r 
d i a l y s i s to u l t r a f i l t r a t i o n on the b a s i s of c o s t , speed of a n a l y s i s 
and e f f i c i e n c y of separation. 
2^!LA Other Separation and A n a l y t i c a l Techniques. 
Several a l t e r n a t i v e methods of separation and a n a l y s i s have been 
tested and, although not often used, these techniques can be useful 
for comparison with the more gene r a l l y accepted methods. For example 
metal ion c a t a l y s i s i s very s p e c i f i c to the f r e e ion and should 
compare with other free i o n measurements such as Anodic S t r i p p i n g 
Voltammetry or d i a l y s i s . 
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2,4.4.1 Metal Ion C a t a l y s i s 
During- the metal ion c a t a l y s i s of o x i d a t i o n - r e d u c t i o n r e a c t i o n s the 
rate of the r e a c t i o n i s d i r e c t l y p r o p o r t i o n a l to the free metal i o n 
concentration. An example of such a system which has been studied i s 
the c a t a l y t i c e f f e c t of Cu on the o x i d a t i o n of L-ascorbic a c i d 
(Mottola et a l . 1968). Ferrer-Herranz and Perez-Bendito (1981) devised 
a method, based on t h i s technique, f o r the determination of Cu i n 
water at the 10-90 ug/1 l e v e l and Nakana et a l . (1981) used a s i m i l a r 
approach f o r Cu i n tap water. A method which i s f r e e from 
i n t e r f e r e n c e s has been devised f o r the determination of Zn i n water 
samples (Haraguchi et a l , 1980). The presence of Zn causes a 
d i f f e r e n c e i n the rate of the l i g a n d s u b s t i t u t i o n r e a c t i o n between 
1-(2-thiazolylaza)-5~napthol c h e l a t e s and EDTA. 
However, the method has been avoided i n n a t u r a l waters, despite i t s 
s p e c i f i c i t y f o r free metal i o n , as i t i s thought that c a t a l y s t s or 
i n h i b i t o r s i n the sample may a f f e c t the accuracy of the determination. 
2.4.4,2 Radiotracers. 
Radiotracers can be added to a sample as a means of t r a c i n g the 
species which a heavy metal can form. Attempts to use i o n i c 
r a d i o t r a c e r s have been hindered by the slow e q u i l i b r a t i o n of the 
la b e l led ions with the non-ionic s p e c i e s of the heavy metal i n the 
sample (Benes and Steinnes 1976). The e q u i l i b r a t i o n period may be oí 
the order of months or even years (Bowen et a l . 1979). 
2,4,4,3 Gel F i l t r a t i o n Chromatography. 
For p o l l u t e d waters Gel F i l t r a t i o n Chromatography may be an 
a l t e r n a t i v e method for separating metals i n t o molecular s i z e f r a c t i o n s 
(Steinberg 1980). Sample or s o l u t e flow i s retarded i n r e l a t i o n to 
eluant on a column of porous polymeric beads. The lar g e molecules 
e l u t e f i r s t followed by a continuous s i z e spectrum of molecules (de 
Mora and Harrison 1984). 
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D i r e c t a n a l y s i s of a sample by Gel F i l t r a t i o n Chromatography i s 
l i m i t e d to waters with high metal concentration because the small 
sample volume compared to eluant gives r i s e to high d i l u t i o n f a c t o r s 
and large blank values. An a l t e r n a t i v e approach i s to use pre-
concentration procedures p r i o r t o Gel F i l t r a t i o n Chromatography. This 
method has been used to d i s t i n g u i s h between Cu and Pb s i z e 
a s s o c i a t i o n s with organic m a t e r i a l s i n c o a s t a l waters (Sugai and Healy 
1978), although the procedure has unknown e f f e c t s on metal s p e c i a t i o n . 
Using Sephadex g e l s , G e r r i t z e and Salomons (1983) found that i n 
surface waters most of the Cd, Zn and Pb species were i n the molecular 
weight range of 1000-5000. So eluant was found which could e l u t e Cu 
s p e c i e s from the g e l s . 
Lawson et a l . (1984) eluted Cd and Cu sewage sludge species from 
Sephadex G-25 using 0. 05M NaCl (pH 7.0 with NaOH). The technique was 
a p p l i c a b l e when the sludge was spiked with 0.01 mg Cd/1 and 0.1 mg 
Cu/1 and showed that Cd was a s s o c i a t e d with the lower molecular weight 
f r a c t i o n s while Cu e x i s t e d as predominantly high molecular weight 
s p e c i e s . 
Gel F i l t r a t i o n Chromatography has a l s o been a p p l i e d to the s p e c i a t i o n 
of Pb i n tap water (de Mora and Harrison 1983a, 1984). Q u a l i t a t i v e 
evidence of l a r g e humic complexes and small i n o r g a n i c / o r g a n i c Pb 
complexes << 1500 molecular weight) was obtained. However, the low 
recovery e f f i c i e n c e s of 6-50%, due to metal complex r e s i n adsorption, 
precluded the use of Gel F i l t r a t i o n Chromatography as a q u a n t i t a t i v e 
metal s p e c i a t i o n method f o r tapwater samples. 
2.4.5 S u i t a b i l i t y of Physico-Chemlcal and P h y s i c a l Separations f o r 
Heavy Metal S p e c i a t l o n A n a l y s i s . 
Several d i f f e r e n t approaches have been a p p l i e d to separating f r a c t i o n s 
of heavy metals i n natural waters. Chelating r e s i n s are easy to use 
and r e l a t i v e l y f r e e from contamination. By a d j u s t i n g the p r o p e r t i e s of 
the c h e l a t i n g groups attached to a r e s i n i t i s p o s s i b l e to remove 
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those metals which are predominantly b i o a v a i l a b l e . The o r g a n i c a l l y 
associated metals are best e x t r a c t e d by a c i d d i g e s t i o n or by u.v. 
i r r a d i a t i o n , as o z o n o l y s i s and r e s i n uptake are more subject to poor 
e f f i c i e n c y . S i z e separation i s most s a t i s f a c t o r i l y achieved by 
f i l t r a t i o n or d i a l y s i s techniques, although c e n t r i f u g a t i o n i s a v i a b l e 
a l t e r n a t i v e . U l t r a f i l t r a t i o n i s a d i f f i c u l t technique with some 
uncer t a i n t y over the p r e c i s i o n of s i z e s e p a r a t i o n , w h i l s t Gel 
F i l t r a t i o n Chromatography i s an i n t e r e s t i n g technique which s t i l l 
r e q u i r e s f u r t h e r development i n r e l a t i o n t o metal s p e c i a t i o n work. 
2.5 Fhysico-Chemical Separation Schemes f o r the Separation of Heavy 
Metal Species i n the Dissolved Phase. 
The for m u l a t i o n of the a n a l y t i c a l procedures described i n the previous 
chapters i n t o d e t a i l e d s p e c i a t i o n schemes was f i r s t attempted by 
Batley and Florence (1976a). The use of s i z e s e p a r a t i o n was 
incorporated i n t o a comprehensive scheme by Laxen and Harrison 
(1981a). However, both schemes are d e t a i l e d and r e q u i r e s p e c i a l i s e d 
and lengthy a n a l y t i c a l procedures. For p o l l u t e d waters a simple, 
f a i r l y r a p i d e v a l u a t i o n of t o x i c metal content i s r e q u i r e d (Florence 
1982a). 
2,5, 1 The S p e c i a t i o n Scheme of B a t l e y and Florence (1976a). 
Despite the d i f f i c u l t i e s of s e p a r a t i n g heavy metal s p e c i e s i n the 
d i s s o l v e d phase, a scheme f o r a p p l i c a t i o n to seawater has been 
introduced by Batley and Florence (1976a). This comprehensive scheme 
i s i l l u s t r a t e d i n Figure 2.5. L a b i l e (pH 4.8) and bound metals are 
analysed by ASV i n the d i f f e r e n t i a l pulse mode both before and a f t e r 
the sample i s subjected to a number of separation techniques. L a b i l e 
and bound measurements are made at the f o l l o w i n g stages: 
a) before treatment 
b) a f t e r passage through a Chelex-100 column 
c) a f t e r u.v. i r r a d i a t i o n 
d) a f t e r passage of the u.v. i r r a d i a t e d sample through a Chelex-100 
column 
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Seven metal species are i d e n t i f i e d from tha eight measurements a n i the 
scheme has been a p p l i e d by Batiey arid Florence (,1975a, 197ob) to 
5eawater samoles. 
P a r t i c u l a t e 
Water 
Sample 
f i l t r a t i o n 
S o l u b l e 
1 
L3V l a b i l e 3ound 
{ t o t a l -
A3V l a b i l e ) 
pH ¿.3 
ASV l a b i l e 
Chelex 
l a b i l e i r r a d i a t e d 
f 
i r r a d i a t e d 
+ C b e l e x P
H U
•
3 
l a b i l e Bound 
Cbelex TI.V. C.V. 
l a b i l e i r r a d - i r r a d ­
i a t e d i a t e d 
+• Cbele 
l a b i l e 
Figure 2.5 S p e c i a t i e n Scheme f o r Seawater A n a l y s i s (from Hatl~y and 
Florence 1976a). 
The r e s u l t s show th a t , i n seawater, Cd i s mainly present as ASV l a b i l e 
organic species. Xost of the Cu i s found to be i n the form of organic 
c o l l o i d a l complexes but Fb, which forms weaker complexes with organic 
m a t e r i a l s , i s mainly present as inorg a n i c c o l l o i d s . 
Batley and Gardner (1973) a p p l i e d the same scheme to Cu, Fb and Cd 
s p e c i a t i o n i n estuarine and c o a s t a l waters. A s s o c i a t i o n s of Cd (15-
35%) and ?b (45-70%) with i n o r g a n i c c o l l o i d s were found to be 
important, while 40% cf Cu was present as in o r g a n i c and organic 
c o l l o i d s . 
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In r i v e r water the c o l l o i d a l organic and i n o r g a n i c species together 
account f o r 52% of t o t a l Cu, 24% of t o t a l Pb and 5% of t o t a l Cd 
(Batley 1983). 
2.5.2 The U l t r a f i l t r a t i o n Scheme of Laxen and H a r r i s o n (1981a). 
A scheme i n c o r p o r a t i n g f i l t r a t i o n and u l t r a f i l t r a t i o n as the major 
separation techniques has been introduced by Laxen and Harrison 
(1981a) and i s i l l u s t r a t e d i n Figure 2.6. The metal speci e s were s i z e 
f r a c t i o n a t e d using Nucleopore f i l t e r s of 12, 1.0, 0,4, 0.08 and 0.015 
urn rated pore s i z e , followed by a s e r i e s of Amicon u l t r a f l i t e r s . 
A S V - l a b i l e , C h e l e x - l a b i l e and u.v. i r r a d i a t e d f r a c t i o n a t i o n s were a l s o 
included i n the scheme. The separation techniques are complex and only 
a few of the f r a c t i o n s possessed metal l e v e l s above the d e t e c t i o n 
l i m i t . However, the u l t r a f i l t r a t i o n steps gave data on t r u l y d i s s o l v e d 
metals which are b e l i e v e d to be h i g h l y t o x i c . In t h i s respect a 
comparison of the u l t r a f i l t r a t i o n steps w i t h , f o r example, bioassays, 
would be i n t e r e s t i n g . 
The r e s u l t s f o r the a p p l i c a t i o n of t h i s scheme t o the e f f l u e n t from a 
sewage treatment plant showed that most of the metals were a s s o c i a t e d 
with the c o l l o i d a l and p a r t i c u l a t e phases (Laxen and H a r r i s o n 1981b). 
However, a high percentage of the Cd (45%) was present i n the 
u l t r a f i l t e r a b l e , l e s s than 0.015 urn, f r a c t i o n . Copper i s a l s o 
important i n the u l t r a f i l t e r a b l e f r a c t i o n (47%) but, although Chelex-
l a b i l e , i t i s not present as the A S V - l a b i l e form. 
In a l a t e r a p p l i c a t i o n of the scheme to the e f f l u e n t from a Pb-acid 
battery manufacturer, the u l t r a f i l t r a t i o n stage was omitted (Laxen and 
Harrison 1983), probably because of the problems a s s o c i a t e d with t h i s 
technique. 
Vhen a p p l i e d to the s p e c i a t i o n of Pb i n tap water, t h i s f i l t r a t i o n 
based scheme showed that Pb a s s o c i a t e s with the whole range of 
p a r t i c u l a t e , c o l l o i d a l and d i s s o l v e d l i g a n d s . Although Pb i s o f t e n 
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mostly i n the < 0.03 um f r a c t i o n the > 12 am f r a c t i o n can al s o "be 
i avortant (ce Mora and K a r r i sen i£53a, 1983b}. 
1 2 pa 
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f r_ D-rtT 'oiNi 
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T o t a l 
f i l t e r a b l e 
T o t a l 
non-
f i l t e r a b l e 
0,U un 
T o t a l . 
ASV l a b i l e . 
U.V. i r r a d ­
i a t e d C h e l « x 
l a b i l e . 
T o t a l 
fiLTftATlorJ f ILTftATt0>*J 
0.08 Mm Û . 0 1 3 Jim 
T o t a l . T o t a l 
ASV l a b i l e . 
Chelex l a b i l e . 
U l t r a f i l t r a t i o n 
XM 300 XM 100A PM 10 
T o t a l T o c a l T o t a l . 
ASV l a b i l e . 
U.V. i r r a d -
i a t e d . 
Figure 2.6 Speculation Scheme based on F i l t r a t i o n Separations (from 
Laxan and Harrison 1981a). 
2_._5_._3. Other Spaciatior, Schemes. 
The schemes described i n 2-5.1 and 2.5.2 re q u i r e Class-100 c l e a n room 
f a c i l i t i e s , which are designed f o r the a n a l y s i s of sub-ppb l e v e l s . 
Another i n h i b i t i n g f a c t o r i s ' t h e i r i n t r i n s i c a l l y d e t a i l e d nature, 
leading to an,abundance of data which i s d i f f i c u l t to i n t e r p r e t . A 
more s a t i s f a c t o r y s i t u a t i o n f o r p o l l u t e d water., would be a scheme 
which provides irtfarma-ion on the b i o a v a i l a b i l i t y , or gecchemica": 
m o b i l i t y , of metals and yet i s r e l a t i v e l y easy to apply. 
Th-a f i r s t attempt to devise a scheme f o r p o l l u t e d waters was 
introduced by S t i f f (1971). This scheme was designed to assess the 
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impact of Cu i n p o l l u t e d freshwater and sewage e f f l u e n t s . Free Cu i o n , 
measured by Ion Sélective Ele c t r o d e s , was l e s s than 2 ug/1. CuCCb was 
thought to be an important species on the b a s i s af c a l c u l a t i a n s using 
u n c e r t a i n s t a b i l i t y constants, t o t a l hardness values and free Cu i o n 
concentrations. The species présent i n the greatest concentration was 
that described as amino a c i d complexed, although t h i s f r a c t i o n 
probably included any s t r o n g l y bound spe c i e s . 
Chau and Lum-Shue-Chan (1974) d i s t i n g u i s h e d between l a b i l e and non-
l a b i l e forms of metals i n lake water by t h e i r response to ASV. L a b i l e 
métal was deterrained a f t e r the a d d i t i o n of acétate b u f f e r , while bound 
metals were determined a f t e r d i g e s t i o n with persulphate/sulphuric a c i d 
or n i t r i c / p e r c h l o r i c a c i d s . A s i m i l a r d i f f e r e n t i a t i o n of l a b i l e and 
n o n - l a b i l e species f o r North Sea and River Rhine samples were c a r r i e d 
out by Duinker and Kramer (1977). Zinc was found to be l a b i l e , while 
Cu and Pb were raostly i n the bound form. An a d d i t i o n a l e x t r a c t i o n with 
APDC/MIBK gave the same l a b i l i t y r e s u l t s f o r Zn, but higher values f o r 
Pb and Cu and lower values f o r Cd. 
R e l a t i v e l a b i l i t i e s of metals have been assessed by F i g u r a and 
McDuffie (1980) i n a scheme based on the use of Ca Chelex. Very l a b i l e 
r e f e r s t a metals which are d i r e c t l y measured by ASV, whereas 
moderately l a b i l e and s l o w l y l a b i l e metals are those which are taken 
up by Ca Chelex column and batch e x t r a c t i o n methods, r e s p e c t i v e l y . The 
i n e r t f r a c t i o n contains métal which i s not s u s c e p t i b l e even to Ca 
Chelex batch uptake and probably represents extremely s t a b l e organo-
m e t a l l i c complexes or métal adsorbed s t r o n g l y to c o l l o i d a l m a t e r i a l . 
The séparations are not corapletely s a t i s f a c t o r y as the very l a b i l e 
f r a c t i o n i s not always f u l l y r e t a i n e d by the Chelex column or batch 
methods (Batley 1983). Consequently the r e s u l t s cannot be i n t e r p r e t e d 
i n terms of d i s s o c i a t i o n k i n e t i c s . 
The scheme was a p p l i e d t a r i v e r water and most of the Cd and Zn (18-
90% and 86-100%, r e s p e c t i v e l y ) was found to be présent as very l a b i l e 
or moderately l a b i l e s p e c i e s . Most of the Pb was a s s o c i a t e d with the 
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s l o w l y l a b i l e f r a c t i o n and Cu was almost e n t i r e l y i n the moderately 
l a b i l e and s l o w l y l a b i l e f r a c t i o n s . 
Hart and Davies (1981) used a combination of Ua Chelex (batch method), 
d i a l y s i s and a c i d i f i c a t i o n to determine metal s p e c i a t i o n i n estuarine 
waters. The determination of other parameters such as c h l o r i d e , 
suspended s o l i d s and organic carbon, followed by an a n a l y s i s of t h i s 
data by a computer s i m u l a t i o n , allowed some p r e d i c t i o n of the species 
present. 
Cadmium and Zn were f r a c t i o n a t e d on a column of Chelex by Pik et a l . 
(1982). The remaining metal a s s o c i a t i o n s , described as c o l l o i d a l , were 
determined by c o p r e c i p i t a t i o n of the metals with a Mo c a r r i e r complex. 
Metal determinations were c a r r i e d out using the h i g h l y s e n s i t i v e X-ray 
Fluorescence technique. The r e s u l t s showed t h a t , f o r estuarine and 
r i v e r waters, Zn was 70-100% Chelex exchangeable, w h i l s t 50-100% of Cu 
was c o l l o i d a l . 
The importance of the c o l l o i d a l a s s o c i a t i o n s has been shown by 
Sho l k o v i t z et a l . (1978) to be due to the f l o c c u l a t i o n s under 
estuarine c o n d i t i o n s of the 0.1 u.m and 0.45 um s i z e f r a c t i o n s . Welte 
and Montiel (1980) suggested the use of 0.45 um and 0.22 um 
f i l t r a t i o n , t o separate these organic c o l l o i d s , followed by columns of 
an i o n i c (CI"" form) and c a t i o n i c (H* form) r e s i n s . U. V. i r r a d i a t i o n may 
a l s o be incorporated i n t o the scheme t o provide inf o r m a t i o n on organic 
and ino r g a n i c forms. 
Di s s o l v e d Pb i n snow has been found t o be mostly present as the 
catiDnic c o l l o i d a l form (Vuorinen 1983). In the same study the 
p a r t i c u l a t e phase was a l s o examined and most of the Pb found to be i n 
the 10-60 um f r a c t i o n , with 73% r e a d i l y e x t r a c t a b l e from the s o l i d s by 
ammonium acetate s o l u t i o n at pH 4.8. 
Sugai and Kealy (1978) used Gel F i l t r a t i o n Chromatography combined 
with ASV to i d e n t i f y metal-organic s p e c i a t i o n i n an anoxic f j o r d . 
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Coraplexation of both Cu and Pb with organic m a t e r i a l was observed over 
a wide range of molecular weights, t y p i c a l l y 500-10000. 
The concepts of l a b i l i t y and p h y s i c a l s e p a ration have been combined by 
Hasle and Abdullah (1961). U l t r a f i l t e r a b l e f r a c t i o n s of c o a s t a l 
seawater were determined by ASV f o r l a b i l e , a c i d s o l u b l e (pH 2.8) and 
t o t a l metals. A c i d i f i c a t i o n r e l e a s e s i n o r g a n i c a l l y and o r g a n i c a l l y 
coraplexed metals, w h i l s t organo-metallic compounds probably account 
f o r most of the t o t a l n o n - l a b i l e f r a c t i o n . Cadmium and Pb were found 
to be associated with the low molecular f r a c t i o n s with Cd showing a 
tendency to be n o n - l a b i l e . Copper was l a r g e l y a s s o c i a t e d with organic 
c o l l o i d s . 
A combination Df a s p e c i a t i o n scheme and bioassay analyses was used by 
Ramamoorthy and Morgan (1983) to determine the t o x i c metal f r a c t i o n s 
present i n wastewater. Metals were separated f i r s t by f i l t r a t i o n and 
then by c a t i o n and anion exchange r e s i n s . The bioassays on Daphnia 
magna and underyearling rainbow t r o u t showed that when metals were 
removed by the c a t i o n exchange r e s i n the t o x i c i t y was completely 
e l i m i n a t e d . 
In the same study u l t r a f i l t r a t i o n was used to show that Zn was mostly 
i n the > 30000 molecular weight f r a c t i o n , Cd was a s s o c i a t e d with two 
lower molecular weight ranges, 1500-10000 (30%) and < 1500 (40%), 
while Pb was found i n the 1500-10000 range <30%) and the > 10000 range 
(60%). 
2,5,4 Assessment of the Techniques and R e s u l t s from D i s s o l v e d Heavy 
Metal S p e c i a t i o n Schemes. 
S p e c i a t i o n schemes f o r separating d i s s o l v e d heavy metal f r a c t i o n s have 
provided some Insight i n t o the t o x i c i t y and geochemical m o b i l i t y of 
metals. 
The l a b i l i t y concept a p p l i e d t o ASV and Chelex r e s i n a n a l y s i s allows 
some d i s t i n c t i o n between free and complexed forms (both i n o r g a n i c a l l y 
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and o r g a n i c a l l y ) . P h y s i c a l separation i s an a d d i t i o n a l technique which 
allows d i f f e r e n t i a t i o n between c o l l o i d a l and d i s s o l v e d metals. 
The r e s u l t s f o r freshwaters g e n e r a l l y show that Cd and Zn e x i s t i n 
r e l a t i v e l y f r e e farms, Pb i s predominantly i n o r g a n i c a l l y complexed, 
but Cu i s found mostly as organic complexes (both c o l l o i d a l and low 
molecular weight). 
Previous work i n d i c a t e s that the procedures described can be adopted 
f o r p o l l u t e d waters. In such waters the suspended s o l i d phase a l s o 
becomes an important source of heavy metals. 
2_J_ The Separation of Heavy Metal F r a c t i o n s i n Suspended S o l i d s and 
Sediments. 
Although the t o x i c i t y of the d i s s o l v e d phase i s higher because of i t s 
d i r e c t contact w i t h organisms, the non-lithogenic f r a c t i o n s of 
suspended s o l i d s may subsequently release heavy metals i n t o aqueous 
systems. The f r a c t i o n s s t u d i e d must therefore r e f l e c t a l l heavy metal 
species which might have a d i r e c t e f f e c t on aquatic b i o t a . 
M u n i c i p a l , i n d u s t r i a l and storm surface runoff are i n c r e a s i n g l y 
p o l l u t i n g r i v e r , marine and estuarine sediments with heavy metals 
(Gupta and Chen 1975). For instance, the Cd concentrations i n the 
sediments of the r i v e r Rhine have increased more than 100 f o l d i n 
eighty years (Salomons and Forstner i960). Metal contaminants may 
e x i s t i n r e l a t i v e l y unstable forms and may be released by engineering 
operations such as dredging or by resuspension during storm surges. 
I t has been reported that pH i s probably the s i n g l e most important 
f a c t o r i n f l u e n c i n g metal adsorption onto both inorganic and organic 
surfaces (Forstner and Salomons 1983). This statement however does not 
consider the importance of changes i n i o n i c strength and measured 
redox p o t e n t i a l , as w e l l as the nature of the surface metal b i n d i n g 
s i t e s . 
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From thèse considérations s e v e r a l schemes have been proposed f o r the 
s e q u e n t i a l e x t r a c t i o n of chemical f r a c t i o n s from sédiments and 
suspended s o l i d s . 
2.6.1 Chemical E x t r a c t a n t s used i n Sequential E x t r a c t i o n Schemes. 
The importance of the a v a i l a b i l i t y of metals to p l a n t s meant that most 
of the e a r l y work was c a r r i e d out on s o i l s (Jackson 1958). In marine 
p e l a g i c sédiment s t u d i e s (Chester and Hughes 1967, Nissenbaum 1972) i t 
i s the i n t e r a c t i o n s of métal f r a c t i o n s with pore water and the 
sediment/seawater i n t e r f a c e which are of more concern. 
The séparation of sédiment a s s o c i a t e d métal spec i e s i n t o f r a c t i o n s i s 
best achieved by a séries of s e q u e n t i a l e x t r a c t i o n s . The e x t r a c t i o n 
steps are not s p e c i e s - s e l e c t i v e and repeated treatraent o f t e n g i v e s a 
f u r t h e r r e l e a s e of metals, e s p e c i a l l y i n the r e d u c i b l e f r a c t i o n s . They 
can, however, provide valuable information on the m o b i l i t y and 
a v a i l a b i l i t y of éléments i n s o i l s , sédiments and sludges (Lum and 
Edgar 1983). 
2.6.1.1 Exchangeable F r a c t i o n . 
The exchangeable f r a c t i o n i s considered to be that which i s a v a i l a b l e 
p r i m a r i l y and immediately f o r b i o l o g i c a l uptake. I t may incl u d e metals 
which are weakly attached t a the surfaces of c l a y s or hydrous Fe and 
Mn oxides or to organic c o a t i n g s . The a d d i t i o n of a high c o n c e n t r a t i o n 
of c h l o r i d e or acétate provides a competing l i g a n d f o r the heavy 
metals. Hence MgCl_; (Tessier et a l . 1979, E i s e n r e i c h et a l . 1980), 
BaCla-triethanolamine (Forstner and Patchineelam 1980) and ÏÏÏUOAc 
(Salomons and Forstner 1980) have been proposed as e x t r a c t i n g agents, 
u s u a l l y at 1M concentrations and at pH 7.0. The use of ammonium 
acétate as an extractant has been c r i t i c i s e d due to i t s tendency to 
a t t a c k carbonates (Tessier et a l . 1979). 
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2.6.1.2 Carbonate F r a c t i o n 
Carbonates i n sediments e x i s t as cements and coatings which co-
p r e c i p i t a t e with heavy metals, A lowering of pH, such as occurs with 
a c i d i f i e d r a i n , would d i s s o l v e carbonates and r e l e a s e the a s s o c i a t e d 
heavy metals. The most accepted e x t r a c t i o n method i s a sodium acetate/ 
a c e t i c a c i d (pH 5.0) treatment although some a t t a c k on metals weakly 
bound to hydrous Fe and Mn oxides may occur (Tessier et a l . 1979). 
Farstner and Patchineelam (1980) c l a i m that t h e i r a c i d i c c a t i o n 
exchange method i s very s p e c i f i c f o r carbonate a s s o c i a t e d metals. 
2-6.1.3 Hydrous Iron and Manganese Oxide F r a c t i o n . 
Hydrous Fe and Mn oxides are thought to e x i s t as c o a t i n g s on 
p a r t i c u l a t e surfaces (Davis and Leckie 1978). These co a t i n g s have a 
high c a p a c i t y f o r metal adsorption (Gadde and L a i t i n e n 1974).In order 
to reduce t h i s f r a c t i o n ( F e ( I I I ) to F e ( I I ) , Mn(IV) to M n ( I I ) ) , s e v e r a l 
e x t r a c t a n t s have been proposed. D i t h i o n i t e / c i t r a t e (Salomons and 
Forstner 1980), hydroxylamine h y d r o c h l o r i d e / a c e t i c a c i d (Chao 1972, 
Tessier et a l . 1979) and 0.3M HC1 ( E l s e n r e i c h et a l . 1980) a l l appear 
to have been used s u c c e s s f u l l y 
2,6,1-4 Organic F r a c t i o n . 
Much of the organic f r a c t i o n w i l l be p a r t i c l e coatings of p l a n t 
derived organic m a t e r i a l . Humic and f u l v i c a c i d a s s o c i a t e d metals can 
be s u c c e s s f u l l y removed using 1M NaOH. However, the use of sodium 
hydroxide r e m o b i l i s e s metals from phosphates and s i l i c a t e s (Forstner 
and Patchineelam 1980). Strong o x i d i s i n g agents, such as 0.4M Ha<_P_0v 
(Ei s e n r e i c h et a l . 1980) may a l s o a t t a c k the c r y s t a l l i n e phase and so 
Tessier et a l . <1979) decided on a compromise and used an e x t r a c t i o n 
mixture of hydrogen peroxide and 0. 02M H_f0
3
. However, metals released 
from organics by peroxide o x i d a t i o n are r e a d i l y adsorbed on c l a y s 
(E i s e n r e i c h et a l . 1980). 
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An a l t e r n a t i v e and promising approach would be an i n v e s t i g a t i o n i n t o 
v a r i o u s combinations of organic s o l v e n t s as e x t r a c t a n t s of the organic 
f r a c t i o n , fallowed by d i g e s t i o n of the released metals. 
2.6, 2 E v a l u a t i o n of Sequential Schemes. 
Gibbs (1973) d i s t i n g u i s h e d between exchangeable metals, metals 
attached to métal hydroxide c o a t i n g s , organic s o l i d s and c r y s t a l l i n e 
phases i n a study of sédiments from the Amazon and Yukon r i v e r s . 
Forstner and Patchineelam (19&D) (Table 2.7) and T e s s i e r et a l . (1979) 
a l s o used s e q u e n t i a l schemes t o analyse heavy métal f r a c t i o n s i n r i v e r 
and e s t u a r i n e sédiments. 
The i n f o r m a t i o n which thèse schemes provide i s r e l e v a n t to the ease of 
métal release to the aqueous phase as w e l l as to pracesses such as 
geochemical m o b i l i t y . There i s a c e r t a i n amount of overlap between the 
chemical f r a c t i o n s and a scheme with f i v e or s i x f r a c t i o n s i s 
a n a l y t i c a l l y demanding. I t i s préférable to devise a scheme, based on 
e s t a b l i s h e d s p e c i a t i o n schemes, which w i l l s t i l l i d e n t i f y the r e l e v a n t 
processes. Hence a l e s s complex s e q u e n t i a l scheme has been a p p l i e d by 
Salomons and Forstner (1980) to 18 r i v e r s throughout the world. The 
data, shown i n Figure 2.7, shows that metals i n p o l l u t e d waters are 
mostly a s s o c i a t e d with the r e l a t i v e l y b i o a v a i l a b l e f r a c t i o n s (non-
lithogeneous) while i n unpolluted waters most of the metals tend t o be 
a s s o c i a t e d with the c r y s t a l l i n e f r a c t i o n . The e x t r a c t i o n scheme of 
E i s e n r e i c h et a l . (1980), i l l u s t r a t e d i n Table 2.9, showed s i m i l a r 
r e s u l t s i n a study of the M i s s i s s i p p i River sédiments. 
Luoma and Bryan (1981) c a r r i e d out s e q u e n t i a l e x t r a c t i o n s on a wide 
range of r i v e r sédiment samples. The f a c t o r s a f f e c t i n g t race métal 
d i s t r i b u t i o n s were then analysed s t a t i s t i c a l l y . Zinc c o r r e l a t e d w e l l 
with Fe and only weakly with organic carbon, unless the Fe 
concentration was r e l a t i v e l y low. Lead c o r r e l a t e d only weakly with 
both Fe and Drganic m a t e r i a l s , while Cu c o r r e l a t e d s t r o n g l y . Cadmium 
c o r r e l a t e d s i g n i f i c a n t l y with Fe, organic carbon and p a r t i c l e s i z e , 
suggesting that the three are i n t e r c o r r e l a t e d Cd t r a n s p o r t mechanlsms. 
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Table 2.7 Sequential E x t r a c t i o n Scheme of Forstner and Patchineelam 
(1980). 
F r a c t i o n s E x t r a c t i o n Medium I n t e r p r e t a t i o n 
Soluble H_0 E a s i l y s o l u b l e metal 
Exchangeable 0.2M B a C l
2
-
triethanolamine 
pH 8. 1 
E a s i l y e x t r a c t a b l e 
f r a c t i o n (e.g. 
exchangeable) 
Humic and f u l v i c 
a c i d 
0. 1M îîaOH Metals attached to humic 
and f u l v i c a c i d s 
Carbonate A c i d i c c a t i o n 
exchange 
Metals a s s o c i a t e d with 
carbonates 
E a s i l y r e d u c i b l e 0. 1M îfH^OH.HCl/ 
0.01M HNCb 
Metals bound to Mn-oxides 
amorphous Fe-oxides 
Strongly bound 30% H_0- + IM îiH
4
0Ac Organic residues and 
sulphides 
Moderately 
r e d u c i b l e 
1M ÏH
2
DH.HC1 + 
25% a c e t i c a c i d 
Hydrous Fe-oxide 
as s o c i a t e d metals 
-62-
.LBE RH INE SEINE MAGDELENE G RUAHA 
1 :iNC 
E S H S KS 
:OPPER 
L t A ö 
i 
CADMIUM 
INCREASE IN RIVER POLLUTION 
NH^OAc 
^ NH2OH.HCl 
h2o2/HC( 
| | RESISTAN 
Figure 2.7 Sequentiell Chemical E x t r a c t i o n Schate K e s u l t s f c r Metais 
i n a range of P o l l u t e d and Unpollucad ßivar Sediments 
(from Salarions and Forstijer 19S0) . 
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Table 2.8 Sequential E x t r a c t i o n Scheine f o r Sediments and Suspended 
S o l i d s <Tessier et a l . 1979). 
F r a c t i o n s E x t r a c t i o n Medium I n t e r p r e t a t i o n 
Exchangeable IM HgCla, pH 7.0, 
1 hour 
Weakly adsorbed on c l a y s , 
hydrous oxides, humic 
a c i d s 
Bound to carbonates 1K HaOAc, pH 5.0 
with a c e t i c a c i d 
5 hours 
Associated with 
sedimentary carbonates 
Bound t a i r o n and 
manganèse oxides 
0.04M ÎTH„0H.HC1 
i n 25% <v/v) HOAc 
5 hours, 96*C, 
pH 2.0 
Associated w i t h hydrous 
oxides as nodules, 
concrétions, cernent 
between partióles or 
coatings 
Bound t o organic 
matter 
30% H
a
O_/0.02M 
H_K_3, pH 2.0, 
5 hours, 85°C, 
Complexed or peptised 
with n a t u r a l organic 
matter, a s s o c i a t e d with 
Subsequently HHAQAC s u l p h i d e s 
Residual HF/HC1CU (5:1) V i t h i n the c r y s t a l l i n e 
s t r u c t u r e of primary 
and secondary minerais 
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Table 2,9 Sequential Scheme of E i s e n r e i c h et a l . (1980). 
F r a c t i o n s E x t r a c t i o n Medium I n t e r p r e t a t i o n 
Exchangeable 0.5M MgCl_, 7 hours Adsorbed, i o n 
exchangeable 
Organic 0.4M S2uP_0y, 10 hours P a r t i c u l a t e organic 
pH 7.0 c o a t i n g s 
Bound to hydrous 0.3M HC1, 30 minutes, Hydrous metal oxide 
oxides 90"C coatings 
Residual Concentrated HNOs/ C r y s t a l l i n e bound metals 
HC1/HF 
2.6.3 Measurement of B i o a v a i l a b i l i t y of Sediment Bound Metals using 
In Situ Organisms. 
Luoma (1983) has reviewed the uptake of sediment bound metal by 
d e t r i t u s feeders and has suggested t h a t the main reason f o r poor 
c o r r e l a t i o n s , between sediment bound metal and the c o n c e n t r a t i o n of 
metal i n organisms, are the use of a narrow data base. His own s t u d i e s 
showed that metal concentrations i n a polychaete, N. diversicolor, 
c o r r e l a t e d with sediment bound metal concentrations over a wide range 
of e s t u a r i n e c o n d i t i o n s . 
Thomson et a l . (1984) determined metal concentrations i n the deposit 
feeding b i v a l v e , M. balthica, and found t h a t the b i o a v a i l a b i l i t y of Zn 
contained i n sediments derived from urban runoff i s lower than i n the 
sediments associated with sewage e f f l u e n t , discharged t o an estuary. 
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Braberg (1983) compared ETSA (E l e c t r o n Transport System A c t i v i t y ) , 
whicb corresponds to b a c t e r i a l a c t i v i t y , i n eutrophic lake surface 
sediments to added Zn, Cd, Pb and Cu concentrations. At metal l e v e l s 
of 1 to 10 mg/1 ETSA decreased i n the sediment by 40-90%, with the 
greatest s e n s i t i v i t y being observed f o r Cd and Cu. H i t r i f i c a t i o n 
experiments showed that metals only slowed, r a t h e r than i n h i b i t e d , 
o x i d a t i o n . 
At lower metal concentrations b a c t e r i a may play an important metal 
binding r o l e t o the sediment surface. Harvey et a l . (1982) found a 
strong r e l a t i o n s h i p between Pb and b a c t e r i a l enrichment at p a r t i c u l a t e 
surfaces i n a salt-marsh. 
Organisms are obviously u s e f u l i n d i c a t o r s of metal p o l l u t i o n i n 
sediments. However i t must be r e a l i s e d that b i o l o g i c a l contamination 
may a l s o be r e l a t e d t o poisonous organics or other t o x i c substances 
and so organisms provide a more general i n d i c a t i o n of b i o l o g i c a l 
contamination. 
2.6. 4 The Importance of Determining Heavy Metal A s s o c i a t i o n s i n 
Suspended S o l i d s and Sediments. 
Sequential schemes f o r the a n a l y s i s of heavy metal s p e c i a t i o n i n 
sediments r e l y on the ease of release of the s o l i d bound heavy metals. 
This approach i s fundamentally d i f f e r e n t t o the d i s s o l v e d measurements 
which r e l a t e t o the complexation s t r e n g t h or l a b i l i t y of the metals. 
Comparisons of sequential e x t r a c t i o n r e s u l t s , with that metal which i s 
most r e a d i l y b i o a v a l l a b l e , i s not s t r a i g h t forward. The most important 
f r a c t i o n which can be determined i s the exchangeable f r a c t i o n as t h i s 
represents the e a s i l y released and, t h e r e f o r e , most immediately 
a v a i l a b l e metal. Previous s t u d i e s have shown that t h i s f r a c t i o n 
c ontains higher concentrations i n p o l l u t e d waters where most of the 
heavy metals are a s s o c i a t e d with n o n - c r y s t a l l i n e forms. The 
i n t e r p r e t a t i o n of these s e q u e n t i a l e x t r a c t i o n s t u d i e s can be g r e a t l y 
-66-
a s s i s t e d by a c o n s i d e r a t i o n of t h e o r e t i c a l s t u d i e s of heavy metal 
a s s o c i a t i o n s with p a r t i c u l a t e s . 
2,7 A l t e r n a t i v e Approaches to S p e c i a t i o n Studies. 
Other approaches to s p e c i a t i o n s t u d i e s have been suggested to 
complement p r e v i o u s l y reported r e s u l t s and a i d i n t h e i r 
i n t e r p r e t a t i o n . Mathematical models can only be used s a t i s f a c t o r i l y i f 
enough i s known about the major speci e s and t h e i r r e l a t i v e s t a b i l i t y 
constants, P a r t i c u l a t e surface i n t e r a c t i o n s with metals can be 
t h e o r e t i c a l l y explained as a r e s u l t of l a b o r a t o r y experiments. In 
a d d i t i o n l a b o r a t o r y s i m u l a t i o n s t u d i e s help to e x p l a i n experimental 
data from s e q u e n t i a l e x t r a c t i o n s on p a r t i c u l a t e s . Mixing experiments 
a l l o w some i n s i g h t i n t o the f a t e of heavy metals on contact with 
r e c e i v i n g waters. 
2.7. 1 Mathematical Models. 
A l l the mathematical models presented to date are based on 
thermodynamic c o n s i d e r a t i o n s only. I f the t o t a l concentrations and 
i n t e r a c t i o n s of a l l the major components of the aqueous system are 
known and p e r f e c t e q u i l i b r i u m c o n d i t i o n s p r e v a i l , then the 
concentration of each chemical spec i e s of a given element can be 
c a l c u l a t e d . The values of the s t a b i l i t y constants and the 
corresponding d i s s o l v e d and surface f r e e l i g a n d concentrations must be 
known. The u n c e r t a i n t y over many s t a b i l i t y constants, p a r t i c u l a r l y 
with organic l i g a n d s , makes a comparison with r e a l data d i f f i c u l t . 
Another problem i s the d i f f i c u l t y of c o n s i d e r i n g a l l the l i g a n d s which 
may be a v a i l a b l e i n an aqueous sample to complex metals. 
In seawater organic ligands are g e n e r a l l y present at low l e v e l s 
(1 mg/1) and are therefore thought to be r e l a t i v e l y unimportant. This 
a l l o w s c a l c u l a t i o n s on the b a s i s of homogeneous chemical r e a c t i o n s and 
p r e c i p i t a t i o n s , p a r t i c u l a r l y as open ocean water i s so w e l l mixed. 
Hence mathematical modelling of seawater has compared favourably with 
a n a l y t i c a l work CMillero 1974, W h i t f i e l d 1975). 
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In fresbwaters two other important i n t e r a c t i o n s must be taken i n t o 
account: 
a) The adsorption of metals onto p a r t i c u l a t e s CJenne 1968, Davis and 
Leckie 1978) and i n t e r a c t i o n s at the suspended s o l i d / w a t e r interphase 
( V e s t a l l 1980, Hohl et a l . 1980). 
b) The presence of organic m a t e r i a l . Most of t h i s m aterial i s l a r g e l y 
uncharacteriased, e s p e c i a l l y f u l v i c a c i d s which form important 
complexes with heavy metals. Organic compounds may be d i s s o l v e d or 
present as surface coatings on p a r t i c u l a t e m a t e r i a l (Davis and Leckie 
1978). 
A computer model, t a k i n g these f a c t o r s i n t o account would need to be 
backed up by a considerable amount of a n a l y t i c a l data. Batley (1983) 
considers i t u n l i k e l y that one could ever account f o r the 
heterogeneous i n t e r a c t i o n of metal species with the mixed organic and 
inorganic c o l l o i d a l and p a r t i c u l a t e phases which represent a major 
component of the t o t a l metal concentrations found i n most n a t u r a l 
systems. Hart and Davies (1981) incorporated data from a s p e c i a t i o n 
study, together with general water q u a l i t y data, i n t o a computer 
model. In t h i s way computer c a l c u l a t i o n s were used to a s s i s t i n the 
i n t e r p r e t a t i o n , rather than p r e d i c t i o n , of heavy metal s p e c i a t i o n . 
2,7,3 T h e o r e t i c a l s t u d i e s of the I n t e r a c t i o n of Heavy Metals with 
P a r t i c u l a t e F r a c t i o n s . 
I n t e r a c t i o n s between the d i s s o l v e d , c o l l o i d a l and p a r t i c u l a t e phases 
c o n t r o l the f r a c t i o n a t i o n of heavy metals between each phase. The 
s i g n i f i c a n t c o n t r o l l i n g i n f l u e n c e of the p a r t i c u l a t e phase has been 
recognised f o r some time (Jenne 1968). However, the heterogeneous 
nature of p a r t i c u l a t e s i n water has slowed down t h e o r e t i c a l advances 
i n t h i s f i e l d . The d i s t r i b u t i o n of shapes, d e n s i t i e s , surface chemical 
p r o p e r t i e s and chemical composition may vary widely with s i z e . The 
sampling process may lead to changes i n s i z e and shape (Kavanaugh and 
Leckie 1980). 
-68-
Surface exchange t h e o r i e s have been found to apply w e l l t o the 
adsorption of metals on hydrous Fe oxides and r e s i d u a l m a t e r i a l s . A 
theory f o r the exact behaviour of hydrous Mn oxide does not appear to 
have been formulated. Organic m a t e r i a l s are a l s o capable of complexing 
heavy metals. These t h e o r i e s are summarised i n Table 2.10. From these 
p r i n c i p l e s the p a r t i t i o n i n g of heavy metals between d i f f e r e n t 
m a t e r i a l s may be more e a s i l y i n t e r p r e t e d , although component abundance 
must a l s o be considered. 
Table 2.10 Control Mechanisms f o r Heavy Metals i n Aquatic Samples. 
Control Mechanism Type of P a r t i c u l a t e E f f e c t s on Heavy Metals 
Surface exchange Fe_0_¡, s i l i c a , 
alumina, c l a y s 
Regulator, a small 
change i n pH may cause 
s i g n i f i c a n t a dsorption or 
desorption 
C o - p r e c i p i t a t i o n , 
surface exchange 
MnO* Removal, an e f f e c t i v e s i n k 
unless low pH i s 
encountered 
Complexation Organic s o l i d s and 
coatings 
Removal, depending on 
complexation c a p a c i t y and 
s t a b i l i t y constant 
2,7-2,1 Surface Exchange Theory. 
Surface exchange theory i n n a t u r a l water systems has been the subject 
of s e v e r a l p u b l i c a t i o n s (Hohl et a l . 1980, Westall 1980, Davis and 
Leckie 1979). Metal i o n uptake can be explained by a combination of 
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surface reactions i n v o l v i n g metal ions and their hydrolytic compleKes 
(equations 2.4 and 2.5). 
SOH + JF* = SQ-JF* + H* 2.4 
SOH + IP- + H_0 = SO-JlOH^
2
"
1
 + 2H* 2.5 
The binding c a p a c i t y of the surface w i l l be dependent on the s p e c i f i c 
surface area and the i o n i c radius of the r e a c t i n g metal i o n (Luoma and 
Davis 1983). Hence the unhydrated Pb binding capacity f o r amorphous 
Fe(OH)
3
 i s 22 minol/g, yet only 1.9 mmol/g f o r the c r y s t a l l i n e 
g e o t h i t e . 
The Jaraes-Healy adsarption raodel (James and Healy 1973) p r e d i c t s that 
at constant pH f r a c t i o n a l adsorption should increase with i n c r e a s i n g 
logßi, where ß i i s the h y d r o l y s i s constant f o r a d d i t i o n of the f i r s t 
-OH to the metal ion (equations 2.6 and 2.7). 
VF* + H„0 = M(OH)~ + H* ' 2.6 
Consideration of the f i r s t h y d r o l y s i s constants (Table 2.11) shows 
that the % adsorption should decrease i n the order Cu^* > Pb
2
* > Zn
2
* 
> Cd"-
2
*, at a given pH, In f a c t adsorption of the metal i o n begins t o 
occur at a value of pßi - 1.5 (Gadde and L a i t i n e n 1974, Davis and 
Leckie 1978, L i o n et a l . 1982). The values of pßi - 1.5, i l l u s t r a t e d 
i n Table 2.11, can be compared to the r e s u l t s f o r metal i o n adsorption 
on hydrous Fe oxides (Figure 2.8). S i m i l a r r e s u l t s have been obtained 
f o r s i l i c a (Huang et a l . 1977), c l a y s (Farrah and P i c k e r i n g 1976a, 
1976b, 1977, 1979, i960) and hydrous AI oxides (Shuman 1977). 
J3i = [M(0H)*1 EH*] 2. 7 
-70-
Table 2.9 H y d r o l y s i s Constants rar Heavy Metal Icns cfrom Florence 
and Batley 1930). 
Pb-
:
" Zn- Cd-'" 
F i r s t H y d r o l y s i s 
Constant, pßn 7.0 7.5 .. 5 9. 5 
oßi - 1.5 5.5 6.0 7.0 ß.O 
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Figur? 2.8 Uptake Experiments f o r Hydrous Fe Uxides ( f r o n Davis and 
Leckie 1978, Gadde and L a i t i n e n 1974) 
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2.7.2.2 The Role of Hydrous Manganese Oxides. 
Hydrous Mn oxides show a rather d i f f e r e n t behaviour to other s u r f a c e s , 
as i l l u s t r a t e d i n Figure 2.9. Lead i s s t r o n g l y adsorbed, except at 
very law pH values, w h i l s t Zn and Cd are g r a d u a l l y released with a 
lowering of pH. Two p a s s i b l e explanations can be given: 
a) Consideration of the Zero Point of Charge (ZPC) which has been 
developed from surface exchange t h e o r i e s because of the importance of 
surface charge. At pH values higher than the ZPC the surface e x h i b i t s 
an average negative charge and so a t t r a c t s metal i o n s . At lower pH 
values than the ZPC the surface e x h i b i t s an average p o s i t i v e charge 
and so metal ions are r e p e l l e d . The ZPC f o r hydrous Mn oxide i s 2.8 
(Gadde and L a i t i n e n 1974) and t h i s corresponds to the r e s u l t s i n 
Figure 2.9. 
b) The surface of hydrous Mn oxides are che m i c a l l y dynamic, i . e . they 
are c o n s t a n t l y being renewed, added to and changed i n o x i d a t i o n s t a t e 
(Hem 1980). This may mean that the metals a s s o c i a t e d with hydrous Mn 
oxide are c o - p r e c i p i t a t e d r a t h e r than adsorbed. This explanation can 
e x p l a i n the r e s u l t s of Figure 2.9 as metals w i l l remain co-
p r e c i p i t a t e d with the hydrous Mn oxides u n t i l the oxides are d i s s o l v e d 
and the metals s t r i p p e d o f f at low pH values. 
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Figure 2.9 Uptake Experiments of Hydrous Manganese Oxides (Gadde and 
L a i t i n e n 1974). 
2.7.2.3 I n t e r a c t i o n s cf Heavy Metals with Organic S o l i d s and 
Coatings. 
Organic compounds may form coatings around suspended p a r t i c l e s (Davis 
and Leckie 1978, Lion et a l . 1982) or remain as d i s c r e t e p a r t i c l e s . 
Leppard and Burnison (1983; have described c o l l o i d a l organic f i b r i l s , 
l a r g e l y polysaccharides secreted from a l g a l c e l l s , which a l s o form 
coatings on p a r t i c u l a t e s . 
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C e r t a i n organic l i g a n d s are capable of binding or complexing heavy 
metals and c e r t a i n l y s o i l and water derived humic and f u l v i c a c i d s 
show t h i s a b i l i t y (Shuman and Cromer 1979). The complexing a b i l i t y of 
organic f i b r i l s i s under i n v e s t i g a t i o n CLeppard and Burnison 1983). A 
higher s t a b i l i t y constant i s found f o r the complexation of heavy 
metals with humic substances Ci.e. e x t r a c t e d by a l k a l i ) at higher pH 
values (Mantoura et a l . 1978). 
A comparison of C o n d i t i o n a l S t a b i l i t y Constants at pH 8.0 f o r Fe(OH)
3 
and organics has been made by Luoma and Davis (1983), as shown i n 
Table 2.12. Copper i s bound more s t r o n g l y t o organic matter than 
Fe(OH).! while Cd, Zn and probably Fb are p r e f e r e n t i a l l y a s s o c i a t e d 
with Fe<0H)
3
. 
Table 2-12 C o n d i t i o n a l S t a b i l i t y Constants f o r Metal Complexation of 
Amorphous Fe(0H)3 and Organic M a t e r i a l at pH 8.0 (from 
Luoma and Davis 1983). 
l o g K, pH 8.0 l o g K, pH 8.0 
Fe(0H)
3
 Organics 
Cu<II) 7.9 8.9-11.4 
Pb(II) 9.6 
Zn(II) 6.7 5.3-5.9 
Cd(II) 5.7 4.7 
2.7,3 Laboratory Simulation Studles of Real Systems. 
The l a b o r a t o r y s i m u l a t i o n approach i s n e c e s s a r i l y a s i m p l i f i c a t i o n of 
the r e a l System, although i t can give same i n d i c a t i o n of the behaviour 
of i n d i v i d u e l coraponents. 
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Guy et a l . (1975) observed the change i n heavy metal d i s t r i b u t i o n 
between various p a r t i c u l a t e and d i s s o l v e d components such as hydrous 
oxides, humic aci d s and c l a y s , over a wide range of pH values. The 
model developed as a r e s u l t of these s t u d i e s appeared to be i n 
q u a n t i t a t i v e agreement with reported d i s t r i b u t i o n s f o r n a t u r a l waters. 
Typical values f o r Cu, Cd and Zn are given i n Table 2.13. The r e s u l t s 
show that Cu has a much greater tendency to a t t a c h to the p a r t i c u l a t e 
phase (represented by MnOs.- and c l a y ) than e i t h e r Cd or Zn. Copper 
shows a greater a t t r a c t i o n t o d i s s o l v e d humic a c i d s . 
Table 2.13 Sorption C h a r a c t e r i s t i c s of Humic Ac i d , _tnQ_ and 
Bentonite (from Guy et a l . 1975). 
Metal XM (mmol metal/ XM (mmol metal/ D i s t r i b u t i o n 
g MnO_) g humic acid) c o e f f i c i e n t f o r c l a y 
Cu 1.95 0.42 9.0 
Zn 0.96 0.21 4.3 
Cd 1.10 0.22 4.8 
Kh - flan aura sorption values 
pH = 5,0 
Ionic strength = 1.0 i 10"3{1 KAc, 
The observed tendency of Cd and Zn to be r e a d i l y s o l u b i l i s e d , i n 
leachate s t u d i e s on road sédiments ( E l l i s and R e v i t t 1982), i s i n 
agreement with the r e s u l t s of Guy and Chakrabarti (1976) as both 
metals seem to p r e f e r the d i s s o l v e d phase. 
Laxen (1983) has modelled the behaviour of Cd i n freshwaters and 
suggested that Cd may be bound up i n the redox c y c l i n g of Fe and Mn 
because of the importance of hydrous métal oxides. Although the Cd 
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adsorption to various binding s i t e s was found to be r a t h e r dependent 
on the i o n i c s t r e n g t h , a r e l a t i v e order of importance f o r a r i v e r 
suspended sediment was; 
Fe
e
moi'phoLto > Mn > Clays > F e
C
r y a t « i u r . « > humics > s i l i c a 
2.7. 4 The Product Approach, 
Mixing experiments were introduced by S h o l k o v i t z (1976) to determine 
the composition of removal products ( f l o c c u l a n t s ) due to the mixing of 
f i l t e r e d r i v e r and sea waters at varying s a l i n i t i e s . The r e s u l t s of 
these experiments showed that r a p i d f l o c c u l a t i o n of Fe, Mn, A l , P, 
organic carbon and humic aci d s occurs i n the e s t u a r i n e environment. 
Most of the p r e c i p i t a t e i s formed w i t h i n one h a l f hour of mixing, and 
i s removed f o r a n a l y s i s . A f u r t h e r 24 hours i s r e q u i r e d before enough 
p r e c i p i t a t e forms f o r a second determination. The procedure i s 
i l l u s t r a t e d i n Figure 2.10. 
Further s t u d i e s (Boyle et a l . 1977, S h o l k o v i t z et a l . 1978) 
demonstrated the important r o l e of d i s s o l v e d organic matter. The high 
molecular weight component of d i s s o l v e d humic a c i d s (0.1 urn - 0.45 pm 
f i l t e r e d ) which c o n s t i t u t e s a small f r a c t i o n of r i v e r d i s s o l v e d 
organic m a t e r i a l , i s p r e f e r e n t i a l l y and r a p i d l y f l o c c u l a t e d during 
estuarine mixing. 
The a p p l i c a t i o n of mixing experiments to the modelling of the impact 
of stormwater on r i v e r water would be i n t e r e s t i n g . During winter 
storms high concentrations of c h l o r i d e s are f r e q u e n t l y observed due to 
the use of d e - i c i n g s a l t . The r e s u l t i n g large change i n i o n i c s t r e n g t h 
between incoming stormwater and ambient r i v e r water may give r i s e to 
changes i n the s p e c i a t i o n of the t o x i c metals. Other parameters which 
are often s i g n i f i c a n t l y d i f f e r e n t between stormwater and r i v e r water, 
and which may r e s u l t i n f l o c c u l a t i o n , include pH, organic m a t e r i a l 
(both d i s s o l v e d and p a r t i c u l a t e ) , suspended s o l i d s loadings and Fe and 
Mn concentrations. 
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Figura 2. 10 Procédure f o r Mixing Expsriments (from S h o i k c v i t z I97ô) 
J2 The Selevance of T h e a r e t i c a l Etudias of Hsavy Metals i n Saturai 
Watgj 
A cojuparison of t h e o r a t i c a l s t u d i e s with the data from s p e c i a t i o n 
scherces shows that some s i m i l a r i t i e s e x i s t between the two approaches. 
Copper i s round mostiy i n the crganic f r a c t i o n of participâtes because 
of the high s t a b i l i t y of the r a s u l t i n g complexes; f o r the same raascn 
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Pb i s mostly a s s o c i a t e d with, hydrous metal oxides. Zinc and Cd tend to 
be more r e a d i l y s o l u b i l i s e d i n the pH range of most aquatic samples. 
Mathematical models, t h e o r e t i c a l s t u d i e s , l a b o r a t o r y s i m u l a t i o n and 
mixing experiments are u s e f u l methods f o r i n t e r p r e t i n g heavy metal 
f r a c t i o n a t i o n data from s p e c i a t i o n schemes. 
2.8 Apparent Heavy Metal Complexing C a p a c i t i e s and C o n d i t i o n a l 
S t a b i l i t y Constants i n the Aqueous Environment. 
Organic l i g a n d s of both simple and complex s t r u c t u r e occur i n 
abundance i n nat u r a l waters, t y p i c a l l y at concentrations of 10 mg/1 i n 
r i v e r water. Approximately h a l f of these arganics are f u l v i c a c i d s 
(Saar and Weber 1982), which c l o s e l y resemble organic e x t r a c t s from 
s o i l (Reuter and Perdue 1977). 
A large p r o p o r t i o n of heavy metals i n na t u r a l waters are b e l i e v e d t o 
e x i s t i n complexed or chelated forms with organic l i g a n d s ( n a t u r a l or 
anthropogenic) which therefore act as r e g u l a t o r s of metal a v a i l a b i l i t y 
(Chau 1973). Complexation may th e r e f o r e c o n t r o l the geochemical 
transport and b i o a v i l a b i l i t y of metals i n the aquatic environment (Van 
den Berg and Kramer 1979a). 
In a d d i t i o n to i n c r e a s i n g the p o s s i b i l i t y of heavy metal t r a n s p o r t i n 
nat u r a l waters, as w e l l as through wastewater treatment processes, 
complexing agents may hinder the removal of metals from water, 
increase the c o r r o s i o n of metal surfaces and a f f e c t the o x i d a t i o n 
s t a t e of metals i n water (Kunkel and Manahan 1973). 
A n a l y s i s of the complexation p r o p e r t i e s of these organic compounds i s 
complicated by the i r r e g u l a r s t r u c t u r e and wide range of components 
present. Several experimental methods have been developed to 
i n v e s t i g a t e the complexing behaviour of organic f r a c t i o n s i n na t u r a l 
waters. Most methods involve a t i t r i m e t r i c procedure i n which the 
ligands are reacted with a s u i t a b l e metal i o n u n t i l the end p o i n t , 
equivalent t o the complexing c a p a c i t y , i s reached. A technique to 
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detect remaining f r e e metal i s t h e r e f o r e r e q u i r e d , Voltammetry i s the 
most t e s t e d method (Shuman and Woodward 1973, 1977, Shuman and Cromer 
1979) although i t may measure weakly complexed metals i n a d d i t i o n to 
fre e metal i o n . Potentiometry, Ion S e l e c t i v e E l e c t r o d e s , 
s o l u b i l i s a t i o n , bioassay and ion exchange are other a v a i l a b l e 
techniques. 
2.6.1 Polarography and Voltammetry. 
P r e l i m i n a r y Polarographie s t u d i e s of c o n s e c u t i v e l y formed complex ions 
(Deford and Hume 1953) were developed by Matson (1968) who used ASV as 
a s e n s i t i v e technique to detect f r e e , as opposed to o r g a n i c a l l y 
complexed, Cu. Copper i s a s a t i s f a c t o r y metal f o r the t i t r a t i o n as i t 
forms strong, s p e c i f i c complexes w i t h many organic compounds. 
Methods f o r determining Apparent Complexing Capacity (Chau 1973, Chau 
and Lum-Shue-Chan 1974) and l a t e r C o n d i t i o n a l S t a b i l i t y Constants 
(Shuman and Woodward 1973, 1977) have since been developed. The method 
i s r a p i d , s e n s i t i v e , a l l o w s the determination of t o t a l l i g a n d 
concentration and i s a p p l i c a b l e over a wide pH range. 
2.8.1.1 Determination of Apparent Complexing Capacity. 
The technique i s e s s e n t i a l l y a complexoraetric t i t r a t i o n of metal i o n 
against l i g a n d . Where lig a n d s are t i t r a t e d s e q u e n t i a l l y , those with 
the highest s t a b i l i t y constants are complexed f i r s t of a l l (Crosser 
and A l l e n 1977). 
A t y p i c a l t i t r a t i o n curve f o r Cu with a water sample i s i l l u s t r a t e d i n 
Figure 2.11. When ligands are present, and t h e i r i n d i v i d u a l 
concentrations are s m a l l , a smooth curve, as shown by the dashed l i n e 
i n the f i g u r e , i s t y p i c a l . In t h i s case the sharp changes i n s t a b i l i t y 
constants are o f f s e t by small changes i n c o n c e n t r a t i o n . Changes i n 
t i t r a t i o n slope are therefore r e l a t e d to the product of the 
concentration of the l i g a n d times i t s C o n d i t i o n a l S t a b i l i t y Constant. 
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Figure 2.11 T h e o r e t i c a l T i t r a t i o n of a Vater Samule wi th Copper. 
The Apparent Complexing Capacity i s tound by e x t r a p o l a t i o n cf the free 
rcetal Ion ( f i n a l slope) to the x - a x i s . There appears to have been sorte 
ambiguity i n the l i t e r a t u r e regarding t h i s détermination. Some authors 
have used the value of C,.., which i s the value at the ooint or 
i n f l e c t i o n o i the f i n a l and the d i r e c t l y preceding slopes iDuinker and 
Kramer 1977, Hart 1981. Shuman and Voodward 1977;. This value i s then 
used in the c a l c u l a t i o n of C o n d i t i o n a l S t a b l 1 i ty Constants. Other 
authors ( E i s e n r e i c h et a l . 1980, Laxen and Harrison 1981b, 1963) 
appear to have used the recoinniended procédure of Chai; (1973) as 
i l l u s t r a t e d in Figure 2.11. 
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2.8,1.2 C a l c u l a t i o n of the C o n d i t i o n a l S t a b i l i t y Constant 
The C o n d i t i o n a l S t a b i l i t y Constant can be c a l c u l a t e d on the b a s i s of 
formation of the complex (equation 2.8): 
aM + bL = KULt. K' ML = [ M^LhJ 2.8 
there a and b depend on stoichionetry 
L = Ligand 
H * Metal 
K'ML = Stability Constant 
For a given Complexation Capacity, the i n i t i a l slope becomes lower f o r 
i n c r e a s i n g values of the C o n d i t i o n a l S t a b i l i t y Constant. Using ASV 
t i t r a t i o n data, Shuman and Woodward (1973, 1977) derived equation 2.9: 
I* = k . ( C n/a)
1
^ 2.9 
( K ' M L.)
1
"* (CU - b/a C M ) * ' * 
vhere u/k = slope of graph after all complexing sites are filled 
CM = concentration of metal added 
CL = concentration of total ligand at the intercept 
For a 1:1 complex a p l o t of i« vs [CM/<G_ - CM)] has a slope of k / K '
M
i _ 
while f o r a 1:2 complex a p l o t of i« vs CM/(G_ - 2 C
M
)
2
 has a slope of 
k/KW. 
With low s t a b i l i t y constants the c a l c u l a t i o n i s accurate, w i t h i n 20%, 
f o r t i t r a t i o n values up to halfway t o the endpoint (C
u
)- The e r r o r 
decreases f o r higher S t a b i l i t y Constants. Some k i n e t i c d i s s o c i a t i o n 
has been observed f o r humic and f u l v i c a c i d s (Shuman and Cromer 1979) 
and the extent i s dependent on l i g a n d c o n c e n t r a t i o n . A f t e r applying a 
s u i t a b l e c o r r e c t i o n f a c t o r the S t a b i l i t y Constant was not 
s i g n i f i c a n t l y changed, while the Complexation Capacity was s l i g h t l y 
increased. 
In environmental samples displacement r e a c t i o n s can take 'place i n 
a d d i t i o n t o the d i r e c t r e a c t i o n i n equation 2.10 (Neubecker and A l l e n 
1983). 
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M + R' L = ML + M* K'
M1
_ = [ML] CM'3 
[MHM'L] 
2. 10 
nhere f l ' = a different metal 
Therefore, the c o n d i t i o n s f o r measurement, e.g. pH, i o n i c strength and 
competing complexation, are d i f f e r e n t from those rele v a n t to the 
determination of the Thermodynamic S t a b i l i t y Constant and the term 
C o n d i t i o n a l S t a b i l i t y Constant i s used. The changes i n the C o n d i t i o n a l 
S t a b i l i t y Constant during t i t r a t i o n may be o f f s e t by small changes i n 
concentration and hence i t may only be p o s s i b l e to quote an Average 
Con d i t i o n a l S t a b i l i t y Constant f o r a p l e t h o r a of l i g a n d s . 
Although the r e s u l t s depend on the experimental c o n d i t i o n s the 
technique i s simple and s t r a i g h t f o r w a r d to c a r r y out. Same workers 
have found problems with the use of ASV as the measurement technique 
i n that metal complexes may be reduced by the electrochemical 
procedure. This problem can be overcome by operating at p o t e n t i a l s 
only high enough to reduce the f r e e metal i o n . Another area of concern 
i s that surface a c t i v e organic m a t e r i a l may be adsorbed to the 
electrode surface causing erroneous free metal values. 
The use of t h i s method has been c r i t i c i s e d by T u s c h a l l and Brezonik 
(1981) and shown to give low s t a b i l i t y constant values compared to 
other methods. The subject remains c o n t r o v e r s i a l as i s i n d i c a t e d by an 
exchange of comments by workers i n the f i e l d (Bhat and Veber/Tuschall 
and Brezonik 1982). 
2.8.2 Other Methods. 
Potentiometric t i t r a t i o n has been widely used by s o i l s c i e n t i s t s 
(Schnitzer and Kahan 1972) f o r determining the Complexing Capacity of 
i s o l a t e d m a t e r i a l s . As a d i r e c t technique an i n s u f f i c i e n t change of pH 
i s found i n n a t u r a l waters due to the low concentrations of complexing 
li g a n d s and the high concentration of bicarbonate. Shuman and Cromer 
(1979) c a r r i e d out a potentiometric t i t r a t i o n on humic and f u l v i c 
a c i d s i s o l a t e d from lake water. The Cu Complexation Capacity from ASV 
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t i t r a t i o n data only represented 15% of the t h e o r e t i c a l c a p c i t y from 
t o t a l a c i d i t y . 
Ion S e l e c t i v e E l e c t r o d e s , i n theory, only measure free i o n and should 
the r e f o r e be very s u i t a b l e . However, i t i s g e n e r a l l y d i f f i c u l t t o 
achieve Ker n s t i a n response below a f i l t e r a b l e Cu concentration of 
1 pM. B u f f l e et a l (1977) have a p p l i e d the technique to freshwaters, 
but d i f f i c u l t i e s a r i s e i n o b t a i n i n g a s t a b l e response, probably due to 
the presence of organic l i g a n d s . 
S o l u b i l i s a t i o n f i n d s most a p p l i c a t i o n when studying strong c h e l a t i n g 
agents such as EDTA, The procedure, introduced by Kunkel and Manahan 
(1973), i s based on the s o l u b i l i s a t i o n of metal by the a d d i t i o n of 
l i g a n d s t o a metal hydroxide suspension at pH 10,0. The p r e c i p i t a t e i s 
f i l t e r e d and s o l u b l e Cu determined by Atomic Absorption 
Spectrophotometry. A c o n c e n t r a t i o n of Cu i n the f i l t r a t e greater than 
15 ug/1 must be due t o complexation by water sample c o n s t i t u e n t s 
(under the c o n d i t i o n s of the experiment). Despite the s i m p l i c i t y of 
the technique there are many problems i n c l u d i n g : 
a) the requirement of h i g h l y a l k a l i n e pH c o n d i t i o n s (Campbell et a l . 
1977). 
b) i n c o r r e c t r e s u l t s are obtained with weak l i g a n d s (Frimmel et a l . 
1980). 
c) the necessity of b o i l i n g the s o l u t i o n f o r one hour (Heubecker and 
A l l e n 1983). 
d) the slow attainment of e q u i l i b r i u m between the s o l u t i o n and the 
p r e c i p i t a t e , p r e c i p i t a t e ageing and the o p e r a t i o n a l d e f i n i t i o n of 
s o l u b i l i t y i n terms of f i l t r a t i o n through a 0.45 um f i l t e r (Crosser 
and A l l e n 1977). 
B i o l o g i c a l response or bioassay i s r e l a t e d t o the response of micro­
organisms (Davey et a l . 1973) to the t o x i c forms of heavy metals. By 
measuring a metabolic parameter as a f u n c t i o n of added Cu i o n , the 
f r a c t i o n of b i o a v a i l a b l e (free Cu i n s o l u t i o n can be determined. A 
t i t r a t i o n - l i k e curve may be formed from which an endpoint i s estimated 
(Davey et a l . 1973, Gatcher et a l . 1978, G i l l e s p i e and Vacarro 1978). 
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Ion exchange, introduced by Schubert (1948), has been well tested by 
s o l l s c i e n t i s t s (Zunino et a l . 1972, S c h n i t z e r and Kahn 1972) although 
the ion exchanger tends to s t r i p the metal from i t s complexes. The ion 
exchanger behaves as a second l i g a n d onto which the metal can become 
bound. 
A more acceptable technique, u t i l i s i n g a weak ion exchanger, MnCb, i n 
place of s y n t h e t i c r e s i n s has been introduced by Van den Berg and 
Kramer (1979b). Host free Cu ion i s bound and the hydrous oxide does 
not remove metals from complexes. The method works well f o r complexes 
with C o n d i t i o n a l S t a b i l i t y Constants lower than l o g K = 10 and a l s o 
f o r Iow l i g a n d concentration (0.2 mg/1 organie C). The formation of 
ternary complexes of organie l i g a n d s at the oxide surface (Davis and 
Leckie 1978) i s the main c r i t i c i s m of t h i s technique. 
2,8,3 Comparison of Methods. 
S t e r r i t t and Lester (1984a) bave campared the C o n d i t i o n a l S t a b i l i t y 
Constants obtained f o r Cd, Pb and Cu with f u l v i c a c i d by using three 
différent a n a l y t i c a l techniques; Ion Sélective E l e c t r o d e s , d i a l y s i s 
and ASV. The s t a b i l i t y constants obtained by ASV measureraents were 
lower than f o r the other two raethods, suggesting the existence of 
increased metal complex l a b i l i t y . However, the Complexation Capacity 
was s i m i l a r f o r a i l methods. Ion Sélective Ele c t r o d e s detected both 
weak and strong complexes, while ASV and d i a l y s i s were only s e n s i t i v e 
to stronger complexes. For stronger complexes a l o g K range of 4.7 to 
7.0 was found, while weaker complexes gave a log K value of between 
3.8 and 5.6 f o r a i l three metals. Veaker binding s i t e s o ften show a 
much greater metal c a p a c i t y f o r Cu and Cd than stronger binding s i t e s 
( S t e r r i t t et al.1984b, S t e r r i t t and Lester 1985). 
2,8, 4 A p p l i c a t i o n and I n t e r p r e t a t i o n of Heavy Metal Complexing 
Measurements. 
There i s s t i l l a c e r t a i n amount of c r i t i c a l d i s c u s s i o n regarding the 
measurement of heavy metal Complexation Capacity and the presently 
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a v a i l a b l e techniques r e q u i r e f u r t h e r development. However, the 
importance of the a b i l i t y of organic l i g a n d s t o complex heavy metals 
i s w e l l recognised. For t h i s reason the ASV t i t r a t i o n method, i f 
standardised with respect to a n a l y t i c a l c o n d i t i o n s , i s a simple 
technique f o r monitoring the s p a t i a l and temporal v a r i a t i o n s of 
complexing organic ligands i n p o l l u t e d waters. 
2.9 Clean Methods and Problems of Trace A n a l y s i s . 
The maintenance of c o n s i s t e n t l y low blank values i s d i f f i c u l t at trace 
l e v e l s . Many of the contamination problems concerning the sampling and 
storage of water samples, f o r heavy metal a n a l y s i s , were not solved 
u n t i l the mid-1970's (Batley and Gardner 1977). The c o n t r o l over 
contamination depends on good l a b o r a t o r y p r a c t i c e CKosta 1982). 
Contamination can occur at any stage of the a n a l y t i c a l procedure, 
although sampling and sample prep a r a t i o n seem to be the most c r i t i c a l 
s t e p s . 
2.9. 1 Sampling. 
The sample containers should p r e f e r a b l y be of polyethylene and be 
washed before use i n a 10% HNQs bath f o r 24 hours. A f t e r r i n s i n g 
thoroughly with p u r i f i e d water the sample can be taken or the b o t t l e 
placed i n the sampler. For heavy metal s p e c i a t i o n s t u d i e s the sample 
must be f i l t e r e d on the day of c o l l e c t i o n due to the danger of sample 
changes. The r a p i d l o s s of metals by p r e c i p i t a t i o n or adsorption on 
container surfaces can be a major problem during sample storage 
(Harrison 1983). 
2.9.2 Laboratory Atiansphprg. 
The f a l l o u t of heavy metals i n dust p a r t i c l e s i s t y p i c a l l y 0.01-0.1 
ng/cm/day for a laboratory (Kosta 1982). This can be reduced by 10-100 
times i n a dust free room. Dust and p a r t i c l e s from the a c t i v i t i e s of 
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personnel are the greatest source of contamination. D i r t p a r t i c l e s 
from shoes can be captured by a s t i c k y f l o o r covering (Mart 1982). 
Where the sample i s l i k e l y to be exposed f o r a long time period, or 
for samples with low metal concentrations (< 1 ug/1), a laminar flow 
hood i s required to prevent gross contamination. To prevent cross-
contamination, preparation steps which i n v o l v e concentrated chemicals 
should be excluded from the working area used f o r metal 
determinations. 
2,9,3 Laboratory Ware. 
M a t e r i a l s which are t y p i c a l l y used i n a la b o r a t o r y include 
polyethylene, polypropylene, rubber, T e f l o n , g l a s s and s i l i c a . Some 
ma t e r i a l s , such as rubber, can contaminate a sample, while some, such 
as g l a s s , can adsorb metals from a sample (Batley and Gardner 1977). 
Table 2.12 shows the l e v e l s of metals i n c e r t a i n laboratory m a t e r i a l s . 
Polyethylene i s u s u a l l y the recommended m a t e r i a l f o r trace metal work, 
as i t i s possible to remove most of the p l a s t i c matrix a s s o c i a t e d 
metal, which i s high i n Zn and Pb, by soaking f o r 48 hours i n a 10% 
HH0
3
 bath (Laxen and Harrison(1981a).Metal s p e c i e s are not adsorbed to 
a s i g n i f i c a n t extent to the polyethylene surface when samples are 
stored at neutral pH values, while the Pb content of a c i d i f i e d samples 
(pH 2.0) only increases by 1 ng/1 every two weeks (Mart 1982). 
P o l y v i n y l c h l o r i d e (PVC) contains Zn, Cd and Pb at the 0.1-10 mg/Kg 
concentration which i s due to t h e i r use as s t a b i l i s e r s during 
manufacture. Teflon i s an e x c e l l e n t material f o r metal samples, but i s 
too expensive for routine work. Polycarbonate, g l a s s and s i l i c a are 
not s u i t a b l e for sample storage as they adsorb metals to t h e i r 
s u r faces. However, g l a s s can be used for the routine d i g e s t i o n of 
a c i d i f i e d samples, a f t e r a c i d c l e a n i n g . 
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Table 2.12 T y p i c a l Metal Levels i n d i f f e r e n t Laboratory M a t e r i a l s 
(from Kosta 1982, Heydorn and Damsgaard 1982). 
rag/Kg 
0.1-10 0.01-0.1 0.001-0.01 
Polyethylene and 
polypropylene Zn, Pb Cd Cu 
PVC Zn, Cd, Pb 
Teflon Cu 
Polycarbonate Pb, Cu 
Glass Zn, Pb, Cu 
S i l i c a Cu Cd 
2.9,4 Laboratory Reagents. 
Ultra-pure water can be obtained from a M i l l i - Q i o n exchange system 
when i t i s fed with double d i s t i l l e d water. T y p i c a l l y the f o l l o w i n g 
low blanks are obtained from the system, Cd < 0.1 ng/1, Pb < 2 ng/1, 
Cu < 10 ng/1 (Mart 1982). No data was given i n the l a t t e r reference 
fo r Zn. 
High p u r i t y a c i d s can be obtained from BDH (U.K.) or Merck 
(W. Germany). Us u a l l y the trace metal l e v e l s are ten times lower than 
the l a b e l i n d i c a t e s , with Cu and Zn t y p i c a l l y quoted at between 5 and 
50 ug/1 (Kosta 1982). If required these l e v e l s can be reduced by 100-
1000 times by the use of a s u b - b o i l i n g point s t i l l . However, when 
a c i d i f y i n g samples to pH 2-3 ( t y p i c a l l y 50 p i high p u r i t y acid/50 ml 
sample) only 0.3 ng/1 Pb i s added (Mart 1982). 
-87-
Other reagents raay con t a i n v a r i a b l e amounts of metals and may be 
d i f f i c u l t t o p u r i f y . I t i s the r e f o r e important to obtai n the highest 
p u r i t y reagents a v a i l a b l e and to check t h e i r blank a d d i t i o n during 
use. If f u r t h e r p u r i f i c a t i o n of reagents i s required then t h i s can be 
achieved by c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s , solvent e x t r a c t i o n Dr 
i o n exchange (Batley and Gardner 1977). 
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CHAPTER 3 CATCHWEST CHARACTERISTTCS AKT) TNSTRUMEHTAT TOS 
Stormwater concentrations and loadings of heavy metal Speeles were 
stu d i e d at the stormwater outflow pipe of two urban catchments. One 
r e s i d e n t i a l catchment was chosen i n England and ane i n Sweden; both 
catchments are housing areas developed f o r population o v e r s p i l l during 
the 1950-1970 per i o d . For a smaller s c a l e study, i n an attempt to 
pravide a mass balance f o r heavy metal spec i e s i n an urban area, a 
parking l o t at Chalmers U n l v e r s i t y Df Technology, Gothenburg, Sweden, 
was s e l e c t e d . Only the area d r a i n i n g i n t o a s i n g l e g u l l y p o t was 
considered i n t h i s l a t t e r case. 
The catchments used were: 
a) Oxhey; a 247 hectare r e s i d e n t i a l e s t a t e on the north west f r i n g e s 
of Greater London, England. 
b) Bergsjön; a 15.6 hectare r e s i d e n t i a l e s t a t e i n the north eastern 
suburbs of Gothenburg, Sweden. 
c) Chalmers; a 390 m
2
 car parking l o t on the s i t e of Chalmers 
U n l v e r s i t y of Technology, Gothenburg, Sweden. 
3_0 The Qxhey Catchment. 
The Oxhey hausing estate i s predominantly composed of semi-detached 
and t e r r a c e d houses b u i l t during the 1950's, with f u r t h e r r e -
development during the p e r i o d 1965-1975. The development a l s o i n c l u d e s 
grass verges, gardens and open Spaces, a small shopping p r e c i n c t , 
schools as w e l l as other p u b l i c b u i l d i n g s and a car park (Figure 3.1). 
A long t h r a a t e d trapézoïdal flume was canstructed i n 1952 at the 
catchment o u t f a l l by the Transport and Road Research Laboratory 
<TRRL), U.K., f o r the purpose of developing s u i t a b l e procédures f o r 
stormwater sewer design. I t was subsequently used by V i l k i n s o n (1956) 
to détermine patterns of pDl l u t a n t discharge, and by Harrop (1984) f o r 
more i n t e n s i v e stormwater runoff q u a l i t y s t u d i e s . 
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Figure 3.1 Sewered C o n t r i b u t i n g Areas on tue Gxhey Catch^ent. 
3.1.1 Catchment C h a r a c t e r i s t i c s . 
The prime c h a r a c t e r i s t i c s of the catchment are given i n Table 3.1. 
Both V i i k i n s o n (1356) and Harrop (1984) hava noted high concentrations 
of E i o l o g i c a l Oxygen Demand and suspended s c i i d s o c c u r r i n g during the 
f i r s t 30 minutes of runoff which i s twice as p o l i u t e d as the res t of 
the flow. However, a prolongad a t t e n u a t i o n of t u r b i d i t y l s found a f t e r 
the time of concentration has been exceeded. 
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Table 3,1 C h a r a c t e r i s t i c s of the Oxhey Catchment. 
Area (ha,) 247 
% Impervious Area 19.8 
% Average Slope 
Depression Storage Value (mm) 
2.3 
2. 17 
Time of Concentration (min) 19.2 
3.1.2 Flow Measurements. 
The surface water from the catchment i s drained v i a the separate storm 
sewer pipes t o the Hertsbourne Ri v e r and e v e n t u a l l y i n t o the River 
Colne. 
The depth of flow through the flume, p r i o r t o discbarge to the 
r e c e i v i n g stream, i s measured with a l e v e l f l o a t i n s t a l l e d i n a 
separate s t i l l l n g w e l l . In 1952, the TRRL c a l i b r a t e d the flow volume 
against stage height and Harrop (1984) has described the résultant 
r a t i n g curve by two équations (équations 3.1 and 3.2). 
Q = 1.4 + 0.53h + 5.66 x 10~
3
h
2
 - 3.64 x 10"
G
h
3
 + 1.10 x lO-^h* 
(flow > 10 1/s) 3. 1 
Q = 0.465h
1 
(flow < 10 1/s) 3.2 
Q = Flov h = Stage height (m) 
Stage height data i s recorded at one minute i n t e r v a i s on a c a s s e t t e 
tape using a Microdata M200L data recording logger 
3.1.3 Sampling 
Sampling i s achieved through a caged intake p o s i t i o n e d i n the throat 
of the flume and which i s f u l l y immersed during storm flows. Samples 
are drawn through a 12 mm p l a s t i c pipe with an o v e r a l l head height of 
10 mètres. Sampling i s a c t i v a t e d when the water reaches a flow volume 
of 91 1/s. At t h i s point microswitches c l o s e the power supply c i r c u i t 
on an automatic Sock and Taylor 48 b e t t l e sampler. Sequential 
continuous samples are withdrawn over a f i v e to e i g h t minute perlod at 
approximately 150 ml/min. C o l l e c t e d samples were returned to the 
l a b o r a t o r y on the day of sampling and subjected to the a n a l y t i c a l 
procédures o u t l i n e d i n Chapter 4. 
3.2 The Bergslbn Catchment. 
Bergsjon i s a smaller catchment than Oxhey, but a l s o constructed f o r 
the purpose of housing c e n t r a l c i t y o v e r s p i l l p o p u l a t i o n during the 
i960's. The area contains nine bl a c k s of m u l t i - s t o r e y b u i l d i n g s , two 
open parking l o t s and a shopping centre (Figure 3.2). The hydrology of 
the catchment has been described i n d e t a i l by A r n e l l <198Û, 1982) and 
metal/nutrient loads i n the storm runoff are discussed by Malmqvist 
(1983). 
3,2,1 Catchment C h a r a c t e r i s t i c s . 
The prime c h a r a c t e r i s t i c s of Bergsjon are shown i n Table 3.2. 
Table 3.2 C h a r a c t e r i s t i c s of the Bergsjon Catchment. 
Area (ha.) 15.6 
% Impervious Area 39.1 
Area of Catchment with Cu Surfaces (m
2
) 1700 
Area of Catchment with Zn Surfaces (m
2
) 1190 
Depression Storage Value (mm) 0.42 
Time of Concentration (min) 6 
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Figura 3.2 Sewered C o n t r i b u t i n g Areas on the Bergsjon Catchment. 
There i s a, great deal of Cu and Zn s u r f a c i n g w i t h i n the catchment, the 
former being e x t e n s i v e l y used f o r g u t t e r i n g and the l a t t e r f o r s t r e e t 
f u r n i t u r e . 
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3.2. 2 Flow Xeasuremantff 
The depth of the stormwater flow at the se wer o u t f a l l i s measured 
across a sharp crested 120" V-noteh weir, using an u l t r a - s o n i c l e v e l 
detector (Figure 3.3). Flow has been c a l i b r a t e d against stage height 
by isotope measurements to give équation 3,3. 
Q = 4 . ö 9 h
2
* ( Q . 6 + 0.25h
1
-
s
) 3.3 
Q = Vstar Flow (a'/s), h = iłatap Laval (ai. 
Figurę 3.3 Secondary Flume f o r Monitoring Flow at tb.2 Eergsjon F i e i d 
Stat i on. 
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The stage height i s recarded on a chart recorder and, a f t e r conversion 
to flow volume, i s stored i n d i g i t a l form. 
3.2.3 R a i n f a l l Measurements. 
A r a i n f a l l gauge of the siphon type i s s i t u a t e d i n the catchment 
(Malmqvist 1983) and provides continuous data on an i n t e r n a i chart 
recorder, 
3.2.4 Continuous P o l l u t a n t Monitoring at Bergslön. 
Vater i s continuously pumped i n t o the Bergsjon a u t f a l l f i e l d s t a t i o n , 
through a 20 mm PVC pipe, by a Johnson F5B-1 Impellor pump, at a r a t e 
of 34 1/mln (Figure 3,4). A f t e r passing through a sampling header tank 
the water flows i n t o the continuous p o l l u t a n t monitoring system 
(Figure 3.5). 
The continuous f l o w system i s constructed from a sealed PVC pipe and 
holes i n the upper surface a l l o w the i n s e r t i o n of a séries of sensors, 
which include a c o n d u c t i v i t y électrode, a température sensor and a pH 
électrode. T u r b i d i t y i s measured e x t e r n a l l y i n the stormwater pipe, by 
a p h o t o - e l e c t r i c c e l l . The électrode s i g n a i s are recorded both on a 
Chino 12 Channel chart recorder and i n a d i g i t a l form u t i l i s i n g an ABC 
80 microcamputer. 
A t y p i c a l storm p r o f i l e from the Bergsjon stormwater sewer system i s 
shown i n Figure 3.6. An increase i n the incaming f l o w i s f o l l a w e d 
immediately by changes i n c o n d u c t i v i t y . This i n d i c a t e s d i l u t i o n of the 
baseflow, which u s u a l l y contains 100-200 mg C l / 1 , by the incoming 
r a i n f a l l and r u n o f f . On the r e c e s s i o n a l limb of the storm event the 
higher baseflow c o n d u c t i v i t y l e v e i i s r e - e s t a b l i s h e d . 
The change i n pH i s slower and does not represent the incoming 
r a i n f a l l pH, which i s t y p i c a l l y ca, 4.0, During storm events b u f f e r i n g 
can be a t t r i b u t e d to the washing of road s u r f a c e s and the f l u s h i n g of 
g u l l y p o t s w i t h i n the catchment. In a d d i t i o n i t i s thought that the 
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d i s s o l u t i o n of casent i n the concrète pipe network i s an important 
source of bicarbonate ions. The contact tims of r a i n f a l l - r u n o i f w ith 
the rather large surface area of the storm sewer pipes may be up t a 
s i x minutes between the catchment and the and of pipe. 
Figure 3.4 Vater Sampling at the Bergsjon F i e l d S t a t i o n . 
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Figurę 3.5 The Continuous Monitoring System i n s i d e ths Bergsjon 
F i e l d S t a t i o n . 
Chap.ges i n t u r b i d i t y have been g r a v i m e t r i c a l l y c a l i b r a t e d with samples 
of stormwater s o l i d s and provide an important i n d i c a t i o n c f suspended 
s o l i d t ransport r a t e s . As i s evident from Figurę 3,6 v a r i a t i o n s of 
t u r b i d i t y are c h a r a c t e r i s e d by a " f i r s t f l u s h " f o l l o w e d by a l e s s 
important "secondary f l u s h " . For 190 storm events, menitored i n t h i s 
v/ay during 1953 and 1964
;
 54% wers c h a r a c t e r i s e d by a " f i r s t f l u s h " i n 
terms of t u r b i d i t y (Korrison et a l . 1985). 
Temperaturę changes g e n e r a l l y f o l l o w c o n d u c t i v i t y and pK, with a 
decrease i n temperaturę a s s o c i a t e d with incGiaing r a i n f a l l . However, 
the s l i g h t inerease i n temperaturę at the very beginning of the stora* 
event i s e b a r a c t a r i s t i e of most storm events tu autumn. G u i l y p o t s are 
the only r e s e r v c i r of r e l a t i v e l y warm water, campared to baseflow, and 
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t h e i r f l u s h i n g at the commencement of the storm event seems to be the 
most l i k e l y explanation f o r t h i s i n i t i a l temperature increase. 
Bergsjon Lit-2nd October 1964 
t IX IT «X <ü» WO KU V) 
Figure 3.6 Continuous Storm Data f o r the Bergsjön F i e l d S t a t i o n . 
Time i n Minutes Commencing 17.00. 
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;L_2_.-5 Saapliag 
Water sampling i s i n i t i a t e d a u t o m a t i c a l l y and i s s t a r t e d at a preset 
water l e v e l ( u s u a l l y * 100 mm stage h e i g h t ) , A swit c h on the l e v e l 
recorder s t a r t s a t i p p i n g bucket on the s i d e of the primary sampling 
tank (Figure 3.7). Twelve sample b o t t l e s (one l i t r e ) are i n s t a l l e d i n 
an adapted r e f r i g e r a t o r and the samples are t r a n s f e r r e d by a stepping 
motor through polyethylene tubes i n t o the i n d i v i d u a l b o t t l e s . Each 
b o t t l e c o l l e c t s a s e q u e n t i a l composite sample comprising 16-18 samples 
from the t i p p i n g bucket, each t i p r e p r e s e n t i n g one cubic metre of flow 
volume. 
Figure 3.7 Equipment f o r Sampling and Sample Storage at the Bergsjon 
F i e l d S t a t i o n . 
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3.3 Th* Chai mers Catchsent. 
The Chaisiers catchiûent comprises an asphalt parking l o t which i s 
drained by s e v e r a l g u l l y p o t s . One of thèse g u l l y p o t s , which drains 
390 ra
2
 of the parking l o t s u r f a c e , was chosen for the study (Figure 
3.8). P o l l u t a n t s , i n c l u d l n g suspended s o l i d s and heavy metals, 
di s c h a r g i n g to the g u l l y p o t have been i n v e s t i g a t e d p r e v i o u s l y by 
Svensson (1983). 
Figure 3.8 Sewerec C o n t r i b u t i n g Areas on the Chaimers Catchsent. 
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3.3, 1 Catchment C h a r a c t e r l s t i c s 
The catchment i s almost completely impervious with drainage o c c u r r i n g 
only from the parking l o t , a road and a roadside kerb. Métal 
c o n t r i b u t i o n s may o r i g i n a t e from the c o r r o s i o n of the two lamp posts, 
from v e h i c u l a r sources, depasited road dust and road surface m a t e r i a l . 
3.3,1.1 Dépression Storage Value, 
The Dépression Storage Value f o r the catchment over a two month study 
pe r i o d has been c a l c u l a t e d from a p l o t of r a i n f a l l (mm) against t o t a l 
runoff volume ( l i t r e s ) . Equation 3.4 desc r i b e s the l i n e a r r e l a t l o n s h i p 
f o r 10 events, July/August 1985, with a corrélation c o e f f i c i e n t of 
0.998. 
y = 0.146 + 0.0016x 3.4 
y = Rainfall (in), x = Runoff (litres), 
The Dépression Storage Value i s the v e r t i c a l i n t e r c e p t , representing 
0.146 mm of r a i n f a l l before the commencement of r u n o f f . 
3.3.2 Flow Measurements. 
A g u l l y p o t flow measuring device, developed by the U n i v e r s i t y of Lund, 
Sweden, was used to monitor the depth of road runoff passing through a 
30* V-notch weir (Figure 3.9). Flow height i s measured by the decrease 
i n résistance between two électrodes which are covered by a s a l i n e 
s o l u t i o n . The c o n d u c t i v i t y c e l l i s separated from the V-notch flume by 
a durable moving rubber membrane, The g u l l y p o t sampler i s p o s i t i o n e d 
i n the g u l l y p o t chamber so t h a t a i l the flow i s channelled i n t o the 
flume. 
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Figure 3.9 Gullypot Road Runoff Sampler showing V-notch Veir f o r 
Flow Measurements. 
Flow height i s recûrded on a chart recorder and has been c a l i b r a t e d 
against flow volume passing through the V-notch. A p l o t of c a l i b r a t e d . 
flow CQ) against chart recorder height (h) can be converted to 
équation 3,5. 
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Q = 0.000145b
2 
3.5 
Q = Flot* (1/s), h = Chart Recorder Height (X), r = 0.99 
3.3.3 P r e c i p i t a t i o n Measurements. 
A r a i n f a l l gauge of the same type as at Bergsjbn i s s i t u a t e d 100 
metres from t h i s catchment. 
3.3.4 Continuous P o l l u t a n t Monitoring at the Chalmers Roadside 
Gul l y p o t . 
The continuous monitoring system, shown d l a g r a m a t i c a l l y i n Figure 
3.10, i s based on that at Bergsjbn. The parameters monitored (pH, 
di s s o l v e d oxygen, c o n d u c t i v i t y and redox) are those which may be 
important r e g u l a t o r s of heavy metal s p e c i a t i o n and are included as 
e s s e n t i a l determinands i n the monitoring system. 
Water i s pumped out of the g u l l y p o t , through an opening i n the 
basement w a l l , v i a a strengthened 12 mm diameter p l a s t i c pipe and 
returned t o the g u l l y p o t i n the same manner a f t e r passing through a 
small Jabasco cog wheel pump and the on - l i n e measurement system. A 
water flow r a t e of 2.6 1/min a l l o w s a water depth of 30 mm to be 
maintained i n the continuous system which i s high enough t o prevent 
blockage by s o l i d s . In t h i s way the g u l l y p o t contents are r e c y c l e d 
every 1,4 hours during dry c o n d i t i o n s . Cleaning of the pipes i s 
achieved by r e v e r s i n g the pump and f l u s h i n g with two to three l i t r e s 
of double d i s t i l l e d water. This procedure i s normally repeated twice a 
week or more f r e q u e n t l y during periods of heavy r a i n f a l l . 
The continuous monitoring system (Figure 3,11) i s a sealed PVC pipe, 
of 50 mm diameter and 400 mm leng t h , with an i n l e t of 13 mm diameter 
and an o u t l e t of 25 mm diameter at the opposite end. C a l i b r a t e d 
d i s s o l v e d oxygen, combined redox p o t e n t i a l , combined pH and 
c o n d u c t i v i t y e l e c t r o d e s are p o s i t i o n e d , as shown i n Figure 3.10 and 
Figure 3.11, and the s i g n a l s are recorded as at Bergsjbn. 
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Figurę 3.10 The Continucus System f o r Monitoring the Ccntents of a 
Gully p o t , 
T y p i c a l continuous data obtained from tha g u l l y p o t sbows r a p i d changes 
and i s l e s s complicated than the response at the end of the stormwatar 
pipę network (Figurę 3.13). The g u l l y p o t has a standing volume of 41.5 
l i t r e s . 
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Two d i s t i n c t types of storm event have been observed i n the g u l l y p o t , 
as i n d i c a t e d by the hydrographs and chemographs i n Figure 3.12 and 
Figure 3.13. A small r a i n f a l l event of 128 l i t r e s runoff i s shown i n 
Figure 3.12, which i s only s u f f i c i e n t to mix, but not completely 
f l u s h , the g u l l y p o t . A l a g p e r i o d of f i v e minutes i s observed between 
the commencement of flow and any observed change i n e i t h e r d i s s o l v e d 
oxygen or redox p o t e n t i a l . The s i g n i f i c a n t drop which e v e n t u a l l y 
occurs i n redox p o t e n t i a l and d i s s o l v e d oxygen concentration 
represents m o b i l i s a t i o n of the reducing, oxygen demanding i n t e r s t i t i a l 
sediment water. At the same time a d i s s o l u t i o n of sediment a s s o c i a t e d 
s a l t s occurs which, together with m o b i l i s a t i o n of l i q u o r and 
i n t e r s t i t i a l water, causes a general increase i n c o n d u c t i v i t y at the 
end of the storm event. 
The reading f o r pH g e n e r a l l y increases between storm events from ca. 
4.5 up to 7.0, mainly because of d i s s o l u t i o n of the g u l l y p o t cement 
s t r u c t u r e . However, desp i t e a measured incoming r a i n f a l l pH of 4.0 and 
evidence of i n t e r s t i t i a l sediment water m o b i l i s a t i o n a f t e r f i v e 
minutes, pH changes w i t h i n the g u l l y p o t l a g 14 minutes behind the 
commencement of flow. This represents the r e s i d u a l b u f f e r i n g c a p a c i t y 
of the g u l l y p o t . The r e s u l t a n t t i t r a t i o n curve i s a s l i g h t 
overestimate of the g u l l y p o t b u f f e r i n g c a p a c i t y as the road surface 
and i t s a s s o c i a t e d sediments a l s o b u f f e r the a c i d i c r a i n f a l l , 
A second type of r a i n f a l l event I s shown i n Figure 3.13. This i s a 
heavy summer storm of 4764 l i t r e s runoff which appears t o have mixed 
and washed out most of the g u l l y p o t contents. In the e a r l y stages of 
the storm the pH, d i s s o l v e d oxygen and redox p o t e n t i a l changes are 
t y p i c a l of g u l l y p o t l i q u o r and i n t e r s t i t i a l sediment water 
m o b i l i s a t i o n . The next 30 minutes i s c h a r a c t e r i s e d by a washing of the 
gu l l y p o t with rainwater that causes a drop i n pH and c o n d u c t i v i t y and 
an increase of redox p o t e n t i a l and d i s s o l v e d oxygen. During the 
subsequent heavy r a i n f a l l i t i s expected that reduced g u l l y p o t basal 
sediment i s mo b i l i s e d , causing a drop i n redox p o t e n t i a l and a 
corresponding increase of pH. This shows that the r e s i d u a l b u f f e r i n g 
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c a p a c i t y of the g u l l y p o t may be increased during i n t e n s s r a i n f a l l due 
to bottora sedimert m o b i l i s a t i c n . 
CHALMERS GULLYPOT 11 JL.LY 1984 
* i 
i 1 \ i 
Figurę 3. 12 Continuous Flow and P o l l u t a n t K o n i t o r i n g f o r a Smali 
Storm Event i n the G u l l y p o t . Time i n Minutes Commencing 
03,00. 
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CHALMERS GULLYPOT 28 JULY 1964 
Figurę 3.13 Continuous Flow and P o l l u t a n t Monitoring f o r a Heavy 
Suminer Storni Hvent i n the G u l l y p o t . Tinie i n Minutes 
Commencing 15.00. 
Rainwater i s saturated with d i s s o l v e d oxygen and so d i s s o l v e d oxygen 
concentrations remained high u n t i l the storin event was over. The peak 
d i s s o l v e d oxygen concentrations corresponded with high g u l l y p o t watar 
i n f l o w s . A f t e r the r a i n f a l l a slow decraase of d i s s o l v e d oxygen 
concentration i s observed which raay be r e l a t e d t o b a c t e r i a l 
r e s p i r a t i o n . 
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3,3,5 Sampling 
Figure 3.14 Road Runoff Sampler showing Tipping Bucket Sampling 
Mechanism. 
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The road runoff e n t e r i n g the g u l l y p o t i s sampled by the flow measuring 
device described i n 3,3.2. A sensor i s l o c a t e d j u s t above the V-notch 
i n the weir (Figure 3.14). When the sensor i s reached by the water 
l e v e l a t i p p i n g tucket sanpler i s a c t i v a t e d . The s a r p l e s flew, under 
g r a v i t y , through a rubber hose i n t o the basement of Chalmers 
U n i v e r s i t y . A step motor sampler (Figure 3,15) r e c e i v e s the water and 
d i s t r i b u t e s i t i n t o 24 one l i t r e sample b o t t l e s . The 40 t i p p i n g bucket 
sub-samples give a one l i t r e sample every three minutes. 
Figure 3. 15 Sampling and Flow Measurement Equipment f o r the Gull y p o t 
Experiment. 
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Figure 3.16 Trench from the Gullypot t o the Basement of Chalmers 
u n i v e r s i t y , showing the Outflow Sampling Pipe. 
- I l l -
The outflowing water from the g u l l y p o t can be sampled manually through 
a 12 mm polyethylene pipę by g r a v i t y feed (Figurę 3.16). Bulk 
p r e c i p i t a t i o n onto the catchment i s c o l l e c t e d i n a polyethylene b o t t l e 
(1 l i t r e ) f i t t e d with a polyethylene funnel and sampled at weekly 
i n t e r v a l s . Road dusts were c o l l e c t e d by means of a wet/dry vacuum 
cleaner at two week i n t e r v a l s . Two r e p r e s e n t a t i v e sub-areas on the 
catchment were sampled. The f i r s t was an 11.7 m
3
 car parking l o t and 
the second a 215 cm long roadslde kerb of area 0.65 m
2
. A f t e r -
c o l l e c t i o n the road dusts were a i r d r i e d (50"C)
t
 weighed and s i e v e d , 
p r i o r t o metal s p e c i a t i o n a n a l y s i s . 
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CHAPTER 4 DEVELOPMENT OF THE METAL SPBCIATIQE SCHEME 
The metal s p e c i a t i o n scheme was formulated s p e c i f i c a l l y f o r the 
f r a c t i o n a t i o n of Cd, Cu, Pb and Zn i n stormwater samples. Metal 
s p e c i a t i o n schemes are intended to d i f f e r e n t i a t e the heavy metals i n t o 
f r a c t i o n s dependent upon t h e i r physico-chemical p r o p e r t i e s . Therefore 
a s a t i s f a c t o r y s p e c i a t i o n scheme should a l l o w the i d e n t i f i c a t i o n and 
e v a l u a t i o n of both t o x i c and geochemically mobile heavy metals. Most 
of the schemes which have been developed are a p p l i c a b l e t o r e l a t i v e l y 
c l e a n , unpolluted, marine and f r e s h waters and are o f t e n too elaborate 
f o r r o u t i n e a n a l y s i s . In a d d i t i o n , many schemes are only designed f o r 
s p e c i a t i n g d i s s o l v e d metals. The high concentrations of suspended 
s o l i d s i n stormwater means that f o r metal s p e c i a t i o n purposes the 
s o l i d phase must a l s o be considered as being of major importance. 
In order to i n t e r p r e t t o x i c i t y e f f e c t s , s p e c i a t i o n methods need t o 
i s o l a t e and q u a n t i f y the most b i o a v a i l a b l e metal. In the d i s s o l v e d 
phase t h i s i s the free or weakly complexed metal and i n the suspended 
s o l i d phase i t i s the r e a d i l y exchangeable metal. Separation of the 
metal species i n t o f r a c t i o n s cannot th e r e f o r e be regarded as an exact 
chemical s e p a r a t i o n , but simply enables an understanding t o be reached 
concerning r e l a t i v e metal a v a i l a b i l i t i e s . 
U . S p e c i a t i o n Scheme f o r Stormwater A n a l y s i s . 
A s p e c i a t i o n scheme has been developed, f o l l o w i n g an assessment of the 
p r e v i o u s l y described l i t e r a t u r e concerning t h i s subject (Chapter 2 ) , 
and by performing a number of rele v a n t background experiments. One 
requirement was f o r a w e l l balanced scheme which was experimentally 
easy to perform and was not e x t e n s i v e l y time consuming. A f u r t h e r 
o b j e c t i v e was the p r o v i s i o n of a complete a n a l y s i s ( i n c l u d i n g both 
d i s s o l v e d and p a r t i c u l a t e a s s o c i a t e d metals) which would provide 
relevant i n f o r m a t i o n an b i a a v a i l a b l e and t o t a l heavy metal l e v e l s . The 
s p e c i a t i o n scheme which has been devised to f u l f i l these c r i t e r i a i s 
shown i n Figure 4.1. 
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Figure 4.1 S p e c i a t i o n Scheme f o r A n a l y s i s of Heavy'Metals i n 
Stormwater. 
A p r e l i m i n a r y séparation all o w s an o p e r a t i o n a l l y defined d i s t i n c t i o n 
between the d i s s o l v e d and suspended s o l i d phases. This was achieved by 
f i l t r a t i c n , normally of 250 ml of samp'le, through two separate 0.4 um 
Uucleopore polycarbonate f i l t e r s . The heavy metais i n the s o l u b l e and 
in s o l u b l e phases were then c h e m i c a l l y e x t r a c t e d i n t a différent 
f r a c t i o n s depending on t h e i r r e l a t i v e ease of r e l e a s e . The suspended 
s o l i d phase was a i r d r i e d at 50*C t a constant weight and s t o r e d i n a 
de s s i c a t o r . The d i s s o l v e d phase was st o r e d at 4*C p r i o r t o a n a l y s i s . 
The d i s s o l v e d phase was separated i n t o three f r a c t i o n s depending on 
the complexation strength of the heavy -metals. 
a) E l e c t r o c h e m i c a l l y A v a i l a b l e F r a c t i o n . 
An a l i q u o t (10 ml) of the d i s s o l v e d phase was analysed f o r heavy 
metals by ASV. 2K sodium acétate (0.1 mi) at the pH of the n a t u r a i 
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sample was added before a n a l y s i s . This a c t s both as a b u f f e r and a 
support e l e c t r o l y t e . The a n a l y t i c a l c o n d i t i o n s employed were as 
f o l l o w s ; 
P l a t i n g time = 180 seconds 
E q u i l i b r a t i o n time = 30 seconds 
Deoxygenation p e r i o d - 240 seconds 
I n i t i a l P o t e n t i a l = -1.3V CZn), -0.9V <Cd, Pb) or -0.3V (Cu) 
Scan Rate = 2 mV/s 
The p l a t i n g (electrochemical deposition) time i s a compromise between 
the higher p r e c i s i o n of s h o r t e r p l a t i n g times and the higher current 
response of longer p l a t i n g times. E q u i l i b r a t i o n time, deoxygenation 
period and scan r a t e are optimised f o r the P r i n c e t o n A p p l i e d Research 
Palarographs (Model 174 and 384A) used i n t h i s study. The I n i t i a l 
P o t e n t i a l was set i n d i v i d u a l l y f o r Zn (-1.3V) and Cu (-0.3V) and 
simultaneously f o r Cd and Pb (-0.9V). The measurement of a l l four 
metals i n one s t r i p p i n g process produces higher concentrations of Cd, 
Pb and Cu due to the reduction of s t r o n g l y bound metal spec i e s (Figura 
and HcDuffie 1980) and was th e r e f o r e avoided. 
The E l e c t r o c h e m i c a l l y A v a i l a b l e f r a c t i o n determines f r e e ions and 
weakly complexed metals and can be compared t o the b i o a v a i l a b l e metal 
as defined by W h i t f i e l d and Turner (1979). 
b) Chelex Re moveable F r a c t i o n . 
An a l i q u o t (50 ml) of the d i s s o l v e d phase was added to prepared 
Ca Chelex-100 (500 mg) and e q u i l i b r a t e d by shaking continuously f o r 
24 hours. The heavy metals were then e l u t e d o f f the Chelex r e s i n with 
1M HJJCb (10 ml) which was f i n a l l y washed with water (10 ml). Water was 
double d i s t i l l e d and f u r t h e r p u r i f i e d i n a M i l l i - Q d e i o n i s a t l o n 
system. A f t e r making the eluant up to a t o t a l volume of 25 ml, the 
metal l e v e l s i n an a l i q u o t (7 ml) were determined by ASV f o l l o w i n g the 
a d d i t i o n of 2H sodium acetate (3 ml). The amount of sodium acetate 
used was s u f f i c i e n t t o adjust the sample pH to approximately 4-4.5, 
which i s the most s e n s i t i v e range f o r the ASV determination of metals. 
The ASV c o n d i t i o n s were the same as those used f o r the 
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E l e c t r o c h e m i c a l l y A v a i l a b l e f r a c t i o n except that Zn, Cd. and Pb were 
determined simultaneously ( I n i t i a l P o t e n t i a l = -1.2V) and Cu 
sep a r a t e l y (-0.4V). TMs was deemed necessary by the p o s s i b i l i t y of 
i n t e r m e t a l l i c i n t e r f e r e n c e s which are discussed i n 4.3.1.1. 
Chelex-100 i s a metal s e l e c t i v e ion-exchange r e s i n , which removes 
those metals a s s o c i a t e d with the Electrochemical1y A v a i l a b l e f r a c t i o n 
as w e l l as more s t r o n g l y bound metals. However, t h i s r e s i n does not 
r e t a i n metals which are s t r o n g l y bound t o c o l l o i d s or complexes 
(Figura and McDuffie 1979). Florence et a l . (1983) have shown that 
t h i s f r a c t i o n may over-estimate the t r u l y b i o a v a i l a b l e metal but i t 
does give an i n d i c a t i o n of those metals attached t o l i g a n d s by a 
medium complexation s t r e n g t h . 
c) Strongly Bound Fraction. 
The Strongly Bound metals were r e l e a s e d by a c i d o x i d a t i o n and 
c a l c u l a t e d as the d i f f e r e n c e between the metal l e v e l s obtained by 
t o t a l a c i d d i g e s t i o n and by the use of Chelex-100. Concentrated n i t r i c 
a c i d (0.IB ml) and concentrated p e r c h l o r i c a c i d (0.02 ml) were added 
d i r e c t l y t o an a l i q u o t (25 ml) of the d i s s o l v e d phase. A f t e r 
evaporation t o dryness i n a fume cupboard the metal Pe r c h l o r a t e s were 
taken up i n 1M HUOs (10 ml) and determined i n the same way as the 
Chelex Removeable f r a c t i o n . 
The experimental c o n d i t i o n s used t o determine t h i s f r a c t i o n i n d i c a t e 
the strong a s s o c i a t i o n of the metals as complexes or c o l l o i d s and 
ensure that they may be considered non-bioavailable as f a r as 
r e c e i v i n g water b i o t a are concerned. 
The suspended s o l i d phase was separated i n t o three f r a c t i o n s according 
to the ease of release of the metals. The f i r s t two d i g e s t i o n s were 
c a r r i e d out i n stoppered polyethylene tubes, i n a water bath, at 
c o n t r o l l e d temperatures. The f i n a l d i g e s t i o n was c a r r i e d out i n a 
pyrex beaker (50 ml). 
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d) Exchangeable Fraction. 
1H MgCls at pH 7.0 (10 ml) was added to the d r i e d suspended s o l i d 
phase and a g i t a t e d at room temnperature f o r one hour. The supernatant 
l i q u i d was separated by c e n t r i f u g a t i o n at 5000 rpm f o r 30 minutes and 
again a f t e r washing with water (10 ml). The two supernatants were 
combined and an a l i q u o t (9 ml) determined by ASV, a f t e r the a d d i t i o n 
of 2K sodium acetate (1 ml). 
P a r t i c u l a t e a s s o c i a t e d heavy metals which exchange or complex with 
anions may be released i n t o the s o l u b l e phase of stormwater under 
normal pH c o n d i t i o n s . This s o l u b i l i s a t i o n process i s p a r t i c u l a r l y 
probable under the c o n d i t i o n s of high c h l o r i d e c oncentrations which 
are often encountered i n urban stormwater and during snowmelt r u n o f f . 
e) Carbonate and Hydrous Xetal Oxide Fraction. 
The suspended s o l i d s from (d) above were digested with 0.04M ÏTHAQH.HCI 
i n 25% g l a c i a l a c e t i c a c i d (10 ml) at 96*C f o r f i v e hours. The s o l i d s 
were washed with water (10 ml) a f t e r c e n t r i f u g a t i o n . An a l i q u o t (7 ml) 
of the combined supernatants was analysed by ASV f o l l o w i n g the 
a d d i t i o n of 2H sodium acetate (3 ml). 
The metals i n t h i s f r a c t i o n are more s t r o n g l y bound than the 
Exchangeable f r a c t i o n and occur mainly as surface a s s o c i a t e d metals 
(Davis and Leckie 1978) and c o - p r e c i p i t a t e s of hydrous metal oxides 
and carbonates. This f r a c t i o n i s u n l i k e l y to have any immediate 
b i o l o g i c a l impact on the r e c e i v i n g waters, but may accumulate i n r i v e r 
or estuarine sediments. Subsequently the metals may be r e l e a s e d i n t o 
the water column when a s i g n i f i c a n t drop i n pH occurs (Florence and 
Batley 1980). 
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f ) Organic F r a c t i o n . 
These s t r o n g l y bound metals were released by d i g e s t i o n with n i t r i c and 
p e r c h l o r i c a c i d s (9:1). Concentrated n i t r i c a c i d (18 ml) and 
concentrated p e r c h l o r i c a c i d (2 ml) were added d i r e c t l y t o the 
suspended s o l i d phase from <e). The mixture was covered with a watch 
g l a s s and b a i l e d f o r two hours, u n t i l the nucleopore f i l t e r s and 
sediment were digested and, a f t e r removing the watch g l a s s , taken to 
dryness. The residue was taken up i n warm 1M HÎÏOs (10 ml) and water 
(10 ml). Heavy metals i n the combined e x t r a c t were determined In the 
same way as the previous f r a c t i o n . 
These remaining metals are l a r g e l y o r g a n i c a l l y bound i n p o l l u t e d 
s o l i d s or sediments and because of t h e i r s t r o n g a s s o c i a t i o n are 
u n l i k e l y t o be b i o a v a i l a b l e . However, t h i s f r a c t i o n may act as an 
important t r a n s p o r t a t i o n mechanism and s i n k f o r such metals as Pb and 
Cu, which have high s t a b i l i t y constants with organic compounds 
(Kantoura et a l . 1978). 
The scheme r e q u i r e d some p r e l i m i n a r y i n v e s t i g a t i o n before i t could be 
a p p l i e d t o stormwater. To i n t e r p r e t the r e s u l t s obtained i t i s 
necessary t o understand which metal species are l i k e l y t o be i n each 
f r a c t i o n , and t o examine i n t e r f e r e n c e s t o the a n a l y s i s . 
i J 2 Separatinn of the Dissolved and Suspended S o l i d Phases. 
The s e p a r a t i o n of d i s s o l v e d and suspended s o l i d a s s o c i a t e d metals i s 
o p e r a t i o n a l l y defined by f i l t r a t i o n through a 0.45 or 0.4 urn f i l t e r 
(Stumm 1983). C o l l o i d a l species are found i n both the d i s s o l v e d and 
suspended s o l i d phases but can be separated by a s e r i e s of d i f f e r e n t 
s i z e d f i l t e r s (Laxen and Harrison 1981a). However, se p a r a t i o n of metal 
f r a c t i o n s on the b a s i s of s i z e alone provides l i t t l e , i f any, 
information about the r e l a t i v e p o t e n t i a l t o x i c i t y of the spec i e s 
present. C e n t r i f u g a t i o n was not chosen as the p r e l i m i n a r y step due to 
the changes i n metal s p e c i a t i o n which might be caused by c a r r y i n g down 
d i s s o l v e d metals on c o l l o i d s ( B u f f l e 1984). 
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Hucleopore 0.4 um polycarbonate f i l t e r s provide a b a r r i e r f o r metal 
s p e c i e s l a r g e r than 0.4 um. However, f i l t r a t i o n of stormwater samples 
of volume greater than 100 ml i s not p o s s i b l e with a s i n g l e f i l t e r due 
to the présence of c o l l o i d s , which cause blockage and may a l s o r e s u i t 
i n a change i n the diameter of the f i l t e r pores. A p r e - f l l t r a t i o n with 
a 5 um f i l t e r was not found t o give any s i g n i f i c a n t f i l t r a t i o n r a t e 
improvement. However, a s a t i s f a c t o r y o v e r a l l f i l t r a t i o n was achieved 
by using two Nucleopore f i l t e r s s e p a r a t e l y f a r a 250 ml stormwater 
sample, which t y p i c a l l y contains 50-200 mg/1 suspended s o l i d s . 
M i l l i p o r e 0.45 um f i l t e r s are membrane depth f i l t e r s which, although 
they have a l e s s précise c u t - o f f value compared t o Hucleopore f i l t e r s , 
can e f f e c t l v e l y f i l t e r up t o 250 ml stormwater c o n t a i n i n g t y p i c a l 
suspended s o l i d l e v e l s . These f i l t e r s were used when high suspended 
s o l i d concentrations rendered Nucleopore f i l t r a t i o n i mpassible, This 
was necessary f o r the maj o r i t y of the g u l l y p o t samples. 
Hucleopore and M i l l i p o r e f i l t e r s are not guaranteed t o be i n a metal 
f r e e form when received from the manufacturers. They were ther e f o r e 
placed i n a 10% HNOs bath overnight and washed thoroughly with water, 
before use. The a c i d wash r e s u l t e d i n negligibłe metal blank values 
f o r both types of f i l t e r . 
ŚL_2 A n a l y s i s of the Dis s o l v e d Phase. 
Dissolved metals can be separated i n t a f r a c t i o n s depending on t h e i r 
complexation s t r e n g t h or l a b i l i t y , There are s e v e r a l methods 
(pr e v i o u s l y o u t l i n e d i n Chapter 2) f o r ch e m i c a l l y c h a r a c t e r i s i n g 
différent f r a c t i o n s i n c l u d i n g ; 
a) D i r e c t voltammetric a n a l y s i s 
b) Resin e x t r a c t i o n 
c) U l t r a - v i o l e t i r r a d i a t i o n 
d) Oxidation by concentrated a c i d s 
e) D l a l y s i s 
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D i r e c t voltammetric a n a l y s i s was chosen i n t h i s study because of i t s 
a b i l i t y to d i r e c t l y i d e n t i f y f r e e métal i o n and weakly complexed métal 
species , which are l i k e l y t o be the forms a v a i l a b l e t o r e c e i v i n g water 
b i o t a . The métal concentration différence between a c i d o x i d a t i o n and 
Chelex-100 e x t r a c t i o n was the method s e l e c t e d t o separate the Strongly 
Sound f r a c t i o n . Thèse métal forms may be regarded as being i n e r t to 
the b i o l o g i c a l membrane. 
4.3.1 I n i t i a l A n a l y t l c a l Problems f o r the Di s s o l v e d Phase. 
A number of procédural problems w i t h the a n a l y s i s of d i s s o l v e d métal 
species were o r i g i n a l l y encountered. Thèse have been i n v e s t i g a t e d as 
described below and the necessary m o d i f i c a t i o n s l n s t i t u t e d t o give an 
o v e r a l l method s u i t a b l e f o r stormwater a n a l y s i s . 
4.3.1.1 Qrganic and Inorganic Interférences i n D i r e c t Voltammetric 
Analysis, 
a) I t was not p o s s i b l e t o analyse a i l four metals simultaneuously by 
ASV due t o the formation of i n t e r m e t a l l i c compounds. At métal 
concentrations of 100 ug/1 a s i g n i f i c a n t increase of Cu peak height 
was observed i n the présence of Zn. This e f f e c t was t e s t e d by varying 
the I n i t i a l P o t e n t i a l t o include or exclude the l a t t e r métal. Copper 
and Zn were subsequently determined at separate I n i t i a l P o t e n t i a l s of 
-0.4 or -0.3V and -1.3V or -1.2V r e s p e c t i v e l y . No other i n t e r m e t a l l i c 
i n t e r a c t i o n s were observed. 
b) I t was observed that the ASV peak height f o r metals i n stormwater 
samples became greater with the use of i n c r e a s l n g l y négative 
p o t e n t i a l s , which i s i n agreement with the r e s u l t s of F i g u r a and 
McDuffie (1979). This was thought t o be due to the increased 
libération of metals frora stronger complexes by more négative 
p o t e n t i a l s . The ASV l a b i l e metals were t h e r e f o r e determined using the 
f o l l o w i n g I n i t i a l P o t e n t i a l s : Zn -1.3V, Cd and Pb -0.9V, Cu -0.3V. 
Figure 4.2 shows that a i l four metals can be determined i n a 
stormwater sample by t h i s method. The s h i f t i n p o t e n t i a l which can be 
encountered due to arganic s u r f a c t a n t s (Beveridge and P i c k e r i n g 1984) 
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was not observed. However, standard a d d i t i o n s were always used f o r 
c a l i b r a t i n g the E l e c t r o c h e m i c a l i y A v a i l a b l e f r a c t i o n , 
Figure 4.2 ASV Détermination of X e t a l s i n a Stormwater Sample. 
c) It was found that the most reproducible ASV measurements of the 
E l e c t r o c h e m i c a l i y A v a i l a b l e f r a c t i o n were obtained with the sample 
held In a polyethylene cup, and with the a d d i t i o n of b u f f e r at the 
sample pH. This i s shown f o r a stormwater sample, c c n t a i n i n g 52.1 ug/1 
of E l e c t r o c h e m i c a l i y A v a i l a b l e Cu, i n Figure 4.3. 
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ELECTROCHEMICALLY AVAILABLE COPPER , 
STORMWATER SAMPLE , 3 E R G S J Ö N 
VOLTS VOLTS VOLTS 
Figure 4.3 E l e c t r o c h e m i c a l i y A v a i l a b l e Copper Response under 
différent A n a l y t i c a l Conditions. 
The a d d i t i o n of b u f f e r provides a more d i s t i n c t peak response at the 
free Cu p o t e n t i a l (-Q.03V). Vithout the a d d i t i o n of buffer t o the 
sample a second Stripping i n the same s o l u t i o n prcvides a 
s i g n i f i c a n t l y higher peak which could be a t t r i b u t e d to pH changes 
during deoxygenation or p a r t i a l l a b i l i t y of métal complexes ( S t e r r i t t 
and Lester 1984). Although there was no s i g n i f i c a n t différence f o r the 
peak height obtained i n a g l a s s cup over that i n a polyethylene cup, 
adsorption of i o n i c métal t o g l a s s can e a s i l y occur (Florence 1982) 
and therefore a polyethylene cup was p r e f e r r e d . 
d) High l e v e l s of c h l o r i d e , as found i n sncwmelt ru n o f f , produced a 
s i g n i f i c a n t negative s h i f t of p o t e n t i a l f o r Pb (-0.05V) and Cu 
(-0.06V). This can be seen by a ccmparison of Figures 4.2 and 4.4 and 
i s presumably due to the formation of c h l o r i d e complexes. 
-122-
Figure 4.4 ASV Détermination of Metals i n a Snowmelt Sample, 
4.3.1.2 Column and Batch E x t r a c t i o n with Chelex-IQO. 
Figura and McDuffie (1978) found that the Ca form of Chelex-100 
provided the l e a s t change to the sample pH. Subsequently i n t h i s work 
i t was noted that the e f f l u e n t of the Ca Che1ex batch e x t r a c t i o n had a 
pH of 7.5-7.6, which i s therefore the pH f o r metal uptake onto the 
r e s i n . 
The use oí Chelex i n a batch technique was p r e f e r r e d to the column 
method as the l a t t e r séparâtes metals on the b a s i s of contact 
timescale and, apart from the column being d i f f i c u l t to standardise, 
the ASV laeasurement already provides a s i m i l a r aeasurement. The batch 
method rsaches e q u i l i b r i u m a f t e r oae hour (Hart and Davies 1977), 
although the équilibration was allowed to proceed f e r 24 hours to make 
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c e r t a i n of completion. Batch f r a c t i o n a t i o n represents those s p e c i e s 
with s t a b i l i t y constants l e s s than the Chelex-100 c h e l a t i n g f u n c t i o n a l 
group, as w e l l as c o l l o i d a l bound speci e s which can enter the 
macroporous s t r u c t u r e of the r e s i n . 
During p r e l i m i n a r y work i t was not c e r t a i n whether IK HHOs (10 ml) 
would e l u t e a l l the metals attached to the Chelex. A n a l y s i s showed 
that n e i t h e r f u r t h e r e l u t i o n with IK HH0
3
 nor e l u t i o n with 2K HBO* 
provided a d d i t i o n a l metal release from the column. 
4.3.1.3 Oxidation by Strong Acids. 
Acid o x i d a t i o n was considered the most s u i t a b l e method f o r l i b e r a t i n g 
a l l the d i s s o l v e d metal, r e g a r d l e s s of t h e i r complexation s t r e n g t h s . 
C a l c u l a t i o n s have shown that 0.18 ml of concentrated HNO3 and 0.02 ml 
of concentrated HClQa should be s u f f i c i e n t t o completely destroy a l l 
the organics contained i n a 25 ml stormwater sample. The a c i d i f i e d 
sample was always heated t o dryness, t o remove r e s i d u a l a c i d , before 
t a k i n g up the metals i n 1M HUOs.. In t h i s way the p o s s i b i l i t y of 
in t e r f e r e n c e s by r e s i d u a l p e r c h l o r i c a c i d t r a c e s d u r i n g the ASV 
measurement was e l i m i n a t e d . The presence of r e s i d u a l concentrated a c i d 
a l s o caused a hydrogen o v e r - p o t e n t i a l at -1.2V t o -1.IV, which 
obscured the Zn peak. 
For both the Chelex batch method and the a c i d o x i d a t i o n the metal was 
taken up i n IK FflJ0
3
 (10 ml) and made up to volume (25 ml) with water. 
When a metal a n a l y s i s was performed by ASV i t was found necessary t o 
add 2M sodium acetate (3 ml) to the a c i d i c analyte <7 ml) to give a 
s u f f i c i e n t l y high pH t o prevent the hydrogen o v e r - p o t e n t i a l 
i n t e r f e r i n g with the Zn a n a l y s i s . 
4.3,2 A p p l i c a t i o n of the Proposed Scheme t o a P r e l i m i n a r y Sample. 
A p r e l i m i n a r y a n a l y s i s was performed on an urban stream baseflow 
sample c o l l e c t e d from the Colindeep Lane sampling s t a t i o n which i s 
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located at the o u t f a l l to the Grahame Park catchment, ï.V. London. The 
sample was f i l t e r e d through a 0.4 urn Nucleopore f i l t e r and the 
d i s s o l v e d phase analysed f o r the E l e c t r o c h e m i c a l l y A v a i l a b l e , Chelex 
Removeable and Strongly Bound f r a c t i o n s according t o the scheme 
described i n 4.1. The sample CpH 6.9) contained 48 rag/1 suspended 
s o l i d s . 
The metal concentrations i n the d i f f e r e n t f r a c t i o n s are l i s t e d i n 
Table 4.1 and are i l l u s t r a t e d g r a p h i c a l l y i n Figure 4.5. 
Table 4.1 Metal S p e c i a t i o n f o r a P r e l i m i n a r y Sample. 
F r a c t i o n Zinc Cadmium Lead Copper 
ug/1 ug/1 ug/1 ug/1 
E l e c t r o c h e m i c a l l y 
A v a i l a b l e 115.5 0.4 nd nd 
Chelex 
Removeable 150.0 0.5 7.25 18.0 
Total Metal 159.0 2.0 10.4 22.5 
n.d. = not detected 
The scheme shows a c l e a r f r a c t i o n a t i o n of metal spec i e s with a greater 
amount i n the Chelex Removeable f r a c t i o n compared to the 
E l e c t r o c h e m i c a l l y A v a i l a b l e f r a c t i o n . This i s expected as Chelex-100 
should remove a l l metal speci e s , except those that are s t r o n g l y 
bound,while the E l e c t r o c h e m i c a l l y A v a i l a b l e f r a c t i o n only detects f r e e 
metal and c e r t a i n weakly complexed metal species. Zinc and Cd are 
c l e a r l y present i n r e l a t i v e l y f r e e forms, while Cu and Pb are to a 
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great extent complexed with no metal i n the E l e c t r o c h e m i c a l l y 
Aval1able f r a c t i o n . 
PRELIMINARY SAMPLE 
COLIN DEEP LANE RIVER WATER 
Z TOTAL METAL 
O ELEC. AVAIL. 
Wm CHEL. REM. 
STR. BOUND 
ZN CD PB CU 
Figure 4.5 Metal F r a c t i o n a t i o n i n a P r e l i m i n a r y Sample. 
*LA Analysis of the Suspended S o l i d Phase. 
Although the t o x i c i t y of the d i s s o l v e d phase i s higher, because of i t s 
d i r e c t contact with organisms, the non- l i t h o g e n i c f r a c t i o n s of 
suspended s o l i d s may subsequently re l e a s e heavy metals i n t o aqueous 
systems. The f r a c t i o n s s t u d i e d must therefore r e f l e c t a l l heavy metal 
specie s which might have an e f f e c t on the aquatic b i o t a , or become 
geochemical s i n k s . 
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The suspended s o l i d phase may be d i v i d e d i n t a f r a c t i o n s according to 
the ease of métal r e l e a s e . These f r a c t i o n s i n c l u d e : 
a) Exchangeable f r a c t i o n 
b) Carbonate f r a c t i o n 
c) Hydrous métal oxide f r a c t i o n 
d) Organic f r a c t i o n 
e) Residual f r a c t i o n 
The Exchangeable f r a c t i o n was s e l e c t e d f o r measurement i n t h i s study 
as i t represents metals which may be released from stormwater s o l i d s 
under normal pH c o n d i t i o n s and when changes i n i o n i c s t r e n g t h occur. 
The l a t t e r s i t u a t i o n i s p a r t i c u l a r l y r e l e v a n t t o snowmelt runoff where 
high c h l o r i d e concentrations occur. 
The Carbonate and Hydrous Métal Oxide f r a c t i o n s were analysed together 
to represent those metals which are released when the water i s 
a c i d i f i e d and/or where reducing c o n d i t i o n s are encountered, such as i n 
a g u l l y p o t . 
The Organic f r a c t i o n contains s t r o n g l y bound metals and so i t can act 
as a s i n k . Where sédiments are r e m o b i l i s e d the f r a c t i o n can help t o 
transport metals. Such a case could be the resuspension of storm 
deposited r i v e r sédiments by heavy urban runoff discharges. 
4,4. 1 I n i t i a l A n a l y t l c a l Problems f o r the Suspended S o l i d Phase. 
A n a l y t i c a l problems encountered with the e x t r a c t i o n and a n a l y s i s of 
metals i n the suspended s o l i d f r a c t i o n s are described below. 
4.4.1. 1 Vpjght T.nss of F i l t e r s . 
The Nucleopare and p a r t i c u l a r l y the M i l l i p o r e f i l t e r s were found t o 
lose weight when d r i e d at 5 0 X . Therefore, before weighing, the 
f i l t e r s were d r i e d overnight at 50"C and s t o r e d i n a d e s s i c a t o r . 
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4.4.1.2 E f f e c t of H^k on ASV Measurements 
Although not subsequently used as an e x t r a c t i o n technique, the 
a n a l y s i s of the organic f r a c t i o n a f t e r d i g e s t i o n with HsrO* (Tessier et 
a l . 1979) was d i f f i c u l t by ASV. I t was found that d i r e c t ASV a n a l y s i s 
of t h i s e x t r a c t gave a broad peak between -1.0V and -1.2V which 
prevented the a n a l y s i s of Zn. To avoid t h i s i n t e r f e r e n c e i t would be 
p o s s i b l e t o reduce the e x t r a c t t o dryness and r e d i s s o l v e the metals i n 
1)1 HNOs. followed by d i r e c t ASV a n a l y s i s . I t was a l s o observed that the 
d i r e c t a n a l y s i s of the HaOa e x t r a c t caused changes t o the Hg drop 
during ASV with the formation of smaller drops and a subsequent e f f e c t 
on the Hg i n the c a p i l l a r y , which created problems i n l a t e r a n a l y s i s . 
The use of H2O2 e x t r a c t i o n p r i o r t o ASV a n a l y s i s i s t h e r e f o r e to be 
avoided. 
4.4.1.3 Digestion nf the F i l t e r . 
During e x t r a c t i o n of the Organic f r a c t i o n i t was found p r e f e r a b l e t o 
completely digest the f i l t e r u sing s t r o n g a c i d before evaporating t o 
dryness. This i s necessary due to the f a c t that when some of the 
f i l t e r was not digested a dark residue was obtained. When taken up i n 
1M HNOs and analysed by ASV the e x t r a c t gave a broad peak around -0.5V 
which completely obscured the Pb peak. Mucleopore f i l t e r s created the 
great e s t problem and so when d i g e s t i n g with concentrated a c i d s a watch 
g l a s s was placed over the hot mixture f o r about one hour t o a l l o w 
complete d i g e s t i o n of the f i l t e r . 
4,4,2 E f f i c i e n c y of the Chosen E x t r a c t i o n Scheme. 
The a p p r a i s a l of the l i t e r a t u r e (see 2.6.1) revealed that the 
d i f f e r e n t sediment f r a c t i o n s are not s t r i c t l y s e l e c t i v e f o r i n d i v i d u a l 
metal s p e c i e s . I t was f e l t that some improvements could be made, 
p a r t i c u l a r l y i n the case of the Organic f r a c t i o n . In a d d i t i o n the 
choice of a one molar co n c e n t r a t i o n of MgCl^ f o r the Exchangeable 
f r a c t i o n (Tessier et a l . 1979) seems to be somewhat a r b i t r a r y . 
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4,4,2, 1 E f f e c t of d i f f e r e n t MgCU- Concentrations on the Metal 
E x t r a c t i o n E f f i c i e n c y . 
A commonly used e x t r a c t a n t f o r determining those metals which are 
r e a d i l y exchangeable i s 1M MgCla at pH 7.0. To assess the 
a p p l i c a b i l i t y of 1M XgCls f o r t h i s f r a c t i o n i t was decided t o compare 
the e x t r a c t i o n e f f i c l e n c e s of d i f f e r e n t MgClz concentrations. This 
would give not only an idea of how d i f f e r e n t degrees of road s a l t i n g 
might rel e a s e each metal from the s o l i d t o the l i q u i d phase, but a l s o 
i n d i c a t e whether a concentration as high as 1M MgCl^ i s r e q u i r e d f o r 
e f f i c i e n t e x t r a c t i o n . 
A bulked sample from a storm at Bergsjbn was f i l t e r e d and three sub-
samples (O.lg) were e x t r a c t e d i n d u p l i c a t e w i t h 1M, 0.1M and 0.01M 
MgCla at pH 7.0. A l l samples were subsequently analysed f o r Carbonate 
and Hydrous Metal Oxide, and Organic a s s o c i a t e d metals. 
The r e s u l t s are expressed i n a pi e chart form (Figure 4.6) t o a l l o w 
e a s i e r i n t e r p r e t a t i o n of the data. The metal percentages e x t r a c t e d 
show th a t f o r Zn, Pb and Cu, 1M MgCls i s r e q u i r e d t o remove 
s i g n i f i c a n t metal concentrations. Cadmium, however, i s e f f i c i e n t l y 
extracted with 0.1M MgCla which i s r e l a t e d t o the formation of str o n g 
chloro complexes f o r t h i s metal. The removal of Cu, Pb and Zn may be 
due t o the exchange w i t h Kg** at p a r t i c u l a t e organic s i t e s as the high 
concentration of Mg
2
* o f f s e t s i t s lower s t a b i l i t y constant with 
organic carbon compared t o the heavy metals. 
Washing and rewashing of urban sediments with snowmelt r u n o f f , which 
often has a high i o n i c s t r e n g t h , would be expected t o r e a d i l y r e l e a s e 
Cd. During periods of i n c r e a s i n g i o n i c s t r e n g t h i n the snowmelt a 
r e l a t i v e order of r e l e a s e would be; Cd, Cu / Pb, Zn. 
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ÎM MGCl_2 O.W. MGCL2 0.01M MGC!_2 
LEAD 
1M MGCL2 0.1M MGCL2 0.01W MGCL2 
Figura 4.6 Stormwater S o l i d S e t a l E x t r a c t i o n , V a r i a t i o n of XgClz 
Concentration. 
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The use of 1M MgCla as the e x t r a c t a n t g i v e s an i n d i c a t i o n of the 
e f f e c t of severe snowmelt c o n d i t i o n s c o n t a i n i n g a s i g n i f i c a n t i o n i c 
s t r e n g t h . The use of only 0. IK MgCls.- would not r e v e a l the large amount 
of Pb which can be e a s i l y released from urban sediments under c e r t a i n 
c o n d i t i o n s . The r e s u l t s a l s o show that i t i s important to standardise 
the e x t r a c t a n t used. To represent those metals which can be e a s i l y 
released from stormwater s o l i d s , 1M KgClz was the r e f o r e chosen. 
The r e s i d u a l , Carbonate and Hydrous Metal Oxide and Organic, f r a c t i o n s 
i n d i c a t e the o r i g i n of the Exchangeable metal (Figure 4.5). Most of 
the Zn comes from the Organic f r a c t i o n and e x t r a c t i o n with IK MgCla 
a c t u a l l y leads to an increase of the Carbonate and Hydrous Metal Oxide 
f r a c t i o n . Lead, an the cont r a r y , o r i g i n a t e s from the Carbonate and 
Hydrous Ke t a l Oxide f r a c t i o n f o r 0.01M and 0.1M MgCl^ e x t r a c t i o n s , but 
the Organic f r a c t i o n i s a l s o l i b e r a t e d by 1M MgCls:. Copper and Cd are 
l a r g e l y d e r i v e d from the Organic f r a c t i o n suggesting the presence of 
surface a s s o c i a t e d o r g a n i c a l l y complexed s p e c i e s . 
4.4.2.2 E f f i c i e n c y of Hydrous Fe and Mn Oxide D i s s o l u t i o n by A c i d i c 
Hydroxylamine Hydrochloride D i g e s t i o n . 
The e f f i c i e n c y of t h i s e x t r a c t i o n process was t e s t e d by determining 
the concentrations of Fe and Hn i n stormwater suspended s o l i d s , both 
before and a f t e r treatment with hydroxylamine h y d r o c h l o r i d e . The 
r e s u l t s are presented i n Table 4.2 and show th a t approximately 98% of 
both Fe and Mn are l i b e r a t e d by the a c i d i c hydroxylamine hydrochloride 
e x t r a c t i o n method. This method i s the r e f o r e extremely s u i t a b l e f o r 
r e l e a s i n g hydrous metal oxide a s s o c i a t e d metals from sediments, and 
has l i t t l e e f f e c t on o r g a n i c a l l y bound metals, as would be expected. 
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Table 4.2 Fe and Hn Removal by E x t r a c t a n t s . 
% E x t r a c t i o n of Fe and Mn 
Carbonate and Hydrous Organic 
Metal Oxide F r a c t i o n F r a c t i o n 
Iron 97.7 2.3 
Manganese 98.2 1.8 
^•4.2.3 E f f i c i e n c y of d i f f e r e n t Methods f o r breaking down Organic 
Conpounds. 
Tess i e r et a l . (1979) have proposed an e x t r a c t i o n of " o r g a n i c a l l y " 
bound heavy metals i n sediments by d i g e s t i o n with Hi-O^/HlfOs at pH 2.0. 
To assess the e f f i c i e n c y of t h i s , as w e l l as other e x t r a c t i o n methods, 
an experiment was c a r r i e d out to determine the p r e f e r r e d method of 
p a r t i t i o n i n g o r g a n i c a l l y a s s o c i a t e d heavy metals i n stormwater 
p a r t i c u l a t e s . 
The method employed f o r organic carbon a n a l y s i s was that of the U.K. 
S o i l Survey (1974) which u t i l i s e s an a c i d dichromate o x i d a t i o n 
procedure t o convert organic carbon t o COa. A back t i t r a t i o n against 
ammonium f e r r o u s sulphate allows sample determination when barium 
diphenylamine p-sulphonate i s the i n d i c a t o r . 
A l l analyses were c a r r i e d out on the < 63 pm f r a c t i o n of a road dust 
sample c o l l e c t e d from the A41, Hendon, N.V. London, during the Autumn, 
1982. This road sediment f r a c t i o n i s thought t o be of s i m i l a r organic 
composition t o the suspended s o l i d s found i n stormwater. 
Sub-samples (lg) of the road dust were t r e a t e d with 
e x t r a c t i o n / d i g e s t i o n reagents t o t e s t t h e i r e f f i c i e n c y f o r organic 
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carbon removal. Organic carbon a n a l y s i s was c a r r i e d out on the residue 
and the procedure d u p l i c a t e d (Table 4 . 3 ) . 
Table 4 . 3 E x t r a c t i o n E f f i c i e n c y of Chemicals used f o r F r a c t i o n a t i n g 
Sediments. 
Extractant % Organic Carbon % of Organic 
i n Sample a f t e r Carbon Removed. 
Treatment. 
Hone 7 . 9 5 
IK K g C l
2
 at pH 7 , 0 7 . 6 5 . 4 
A c i d i c HHaOH.HCl, 96*C 6 . 3 0 . 0 
30% HaO*/0.02Ä HIOs, 9 6 ' C 3 . 5 5 6 . 0 
O.IK HaOH, 9 6 ' C 5 . 3 3 3 . 0 
Concentrated H H 0 3 3 . 5 5 6 . 0 
Concentrated H H 0 3 / H C 1 0 A 0 . 6 9 2 . 3 
The e x t r a c t a n t s used i n e a r l e r stages of the suspended s o l i d s 
s p e c i a t i a n scheme showed n e g l i g i b l e breakdown of organic m a t e r i a l . 
The H2O2/HNÜ3 e x t r a c t i o n f o r o r g a n i c a l l y a s s o c i a t e d heavy metals i s 
commonly used In s e q u e n t i a l sediment e x t r a c t i o n schemes and yet only 
removes on average 56% of the t o t a l organic carbon. The term "organic 
f r a c t i o n " f o r t h i s d i g e s t i o n procedure may be a misnomer depending 
upon whether the heavy metals are a s s o c i a t e d w i t h weakly or s t r o n g l y 
bound organic l i g a n d s . I f , as i s probably the case, the remaining 44% 
of organic m a t e r i a l contains at l e a s t an equivalent p r o p o r t i o n of 
heavy metals, the r e s u l t s quoted i n the l i t e r a t u r e using t h i s 
e x t r a c t i o n scheme are a considerable under-estimation. 
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0.IM HaOH gave a 33% e x t r a c t i o n of organic carbon which w i l l be 
composed mainly of humic a c l d and f u l v i c a c i d type m a t e r i a l s . 
Concentrated HHOs would be p r e f e r r e d t o the use of a HBCb/HClO* 
mixture f o r s a f e t y reasons and f o r more r e a l i s t i c comparison with 
previous heavy métal values quoted i n the l i t e r a t u r e . However only 56% 
of organic Compounds were o x i d i s e d by n i t r i c a c i d . 
The n i t r i c / p e r c h l o r i c a c i d method, commonly used i n the Middlesex 
Pol y t e c h n i c Urban P o l l u t i o n Research Centre, i s the raost e f f e c t i v e of 
the t e s t e d methods with a 92% organics removal e f f i c i e n c y . Strong 
o x i d a t i o n procédures have not been incorporated i n t o récent s e q u e n t i a l 
schemes due to the p o s s i b i l i t y of c r y s t a l l a t t i c e décomposition, 
r e s u l t i n g In the rele a s e of r e s i d u a l metals. However i n p o l l u t e d 
sédiments only a very email percentage of heavy metals are l i t h o g e n i c 
and th e r e f o r e i t i s more r e a l i s t i c t o r i s k altération of t h i s phase 
ra t h e r than p a r t l y destroy organic carbon which may be as s o c i a t e d with 
high concentrations of heavy metals. 
Précision of the S p e c i a t i o n Scheme. 
Düring p r e l i m i n a r y work the précision of the a n a l y s i s was determined 
f o r a i l metals and t h e i r f r a c t i o n s by t r i p l i c a t e a n a l y s i s on a bulked 
sample, The standard déviations obtained are shown i n Table 4.4. 
In the d i s s o l v e d phase the f r a c t i o n s are always b e t t e r than +/- 20% 
f o r a l l metals. This compares favourably w i t h the précision found by 
Figura and McDuffie (i960) who found batch Chelex e x t r a c t i o n t o give a 
précision of b e t t e r than +/- 25%, and the E l e c t r o c h e m i c a l l y A v a i l a b l e 
f r a c t i o n b e t t e r than +/- 50%. The E l e c t r o c h e m i c a l l y A v a i l a b l e f r a c t i o n 
o ften shows a poor précision compared t o the other d i s s o l v e d f r a c t i o n s 
which may be r e l a t e d t o interférences during the standard a d d i t i o n 
method by weak organic and inorg a n i c complexation. 
-134-
Table 4.4 Standard Déviations of the Metal A n a l y s i s f o r S p e c i a t i n g 
Stormwater. 
Standard D e v i a t i o n % 
Zinc Cadmium Lead Copper 
Dissolved E l e c . A v a i l . 15.8 7.0 15.4 
Chel. Rem. 18.5 15.1 2.0 12.4 
Tot. D i s s . 8.9 4.7 15.2 7.5 
Suspended Excbangeable 11.2 4.3 5.7 5.5 
S o l i d Carb + Hyd 6,2 - 4.5 8.0 
Organic 21.8 12.5 18.9 6.8 
Elec, Avail, = Electrochenically Available 
Chel, Rea, = Chelex Reioveable 
Tot, Diss, = Total Dissolved 
Carb + Kyd = Carbonate and Hydrous fletal Oxide 
Other work has found b e t t e r précision f o r d i s s o l v e d métal s p e c i a t i o n 
with +/- 5-10% reported by B a t l e y and Florence <1976) and b e t t e r than 
+/- 3% by Hart (1980), Ba t l e y and Florence found th a t f r a c t i o n s 
c a l c u l a t e d by the s u b t r a c t i o n of measured f r a c t i o n s were only précise 
t o +/- 10-15%. A poorer précision would the r e f o r e a l s o be expected f o r 
the Strongly Bound f r a c t i o n , which i s the r e s u i t of s u b t r a c t i n g the 
Total Dissolved and Chelex Removeable f r a c t i o n s . 
Most of the déviation found i n Table 4.4 can be r e l a t e d t o pre-
a n a l y s i s random contamination and l o s s e s (e.g, ad s o r p t i o n t o contai n e r 
w a l l s ) , as ASV a n a l y s i s was found to be précise t a b e t t e r than +/- 5%. 
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The precisión of suspended s o l i d a s s o c i a t e d metal f r a c t i o n s was 
g e n e r a l l y b e t t e r than f o r the d i s s o l v e d phase. The Exchangeable and 
Carbonate and Hydrous Metal Oxide f r a c t i o n s were w l t h i n the b e t t e r 
than +/- 10% precisión reported by Tessier et a l . (1979). However, the 
Organic f r a c t i o n shows a lower precisión which can be r e l a t e d t o a 
compounding of e r r o r s i n the s e q u e n t i a l e x t r a c t i o n scheme. 
The s p e c i a t i o n scheme has a precisión comparable with other s i m i l a r 
metal spec i e s a n a l y s i s schemes and provides meaningful data w i t h i n the 
d e v i a t i o n s i n Table 4.4. 
4.6 Metal S p e c i a t i o n Scheme Blank Valúes. 
The blank valúes obtained f o r the metal s p e c i a t i o n scheme are shown i n 
Table 4.5. 
Table 4.5 Blank Valúes f o r the Metal Species A n a l y s i s i n 
Stormwater. 
Blank Concentration ug/1 
Zinc Cadmium Lead Copper 
E l e c . A v a i l . nd nd nd nd 
Chel. Rem. 1.8 nd 1.5 0.4 
Tot. D i s s . 2.9 0. 12 1.3 2. 0 
Exchangeable 0.3 0.01 0.06 0. 06 
Carb + Hyd 0.7 0. 04 0.14 0.25 
Organic i . o . _<L_02. J>_._0_7 .0...2. 
nd = noi detected 
-136-
The E l e c t r o c h e m i c a l l y A v a i l a b l e blank, obtained by the f i l t r a t i o n of 
water through an acid-washed Hucleopore 0.4 um f i l t e r gave a blank 
value too low f o r d e t e c t i o n by ASV. However, Hart <1980) used a 
s i m i l a r procedure and found blank values of 0.62 ug Zn/1, 
0.017 pg Cd/1, 0.11 ug Pb/1 and 0.2 pg Cu/1. using Graphite Furnace 
Atomic Absorption. 
The blank values were mostly a d i r e c t r e s u l t of added reagents, i . e . 
2M sodium acetate, 1M MgCls: and 0. 04M hydroxylamine h y d r o c h l o r i d e . 
These can be s i g n i f i c a n t l y p u r i f i e d by passage through a column of 
Ca Chelex. 2M sodium acetate can be p u r i f i e d by adding 200 mg 
Ca Chelex t o a volumetric f l a s k of the reagent (500 ml) and a l l o w i n g 
e q u i l i b r a t i o n . These procedures were only c a r r i e d out where low 
de t e c t i o n l i m i t s were r e q u i r e d , e.g. r a i n f a l l a n a l y s i s . This was 
u s u a l l y not a nec e s s i t y due t o the high metal p o l l u t i o n found i n 
stDrmwater. Concentrated n i t r i c and p e r c h l o r i c a c i d s were always of 
the highest q u a l i t y , e.g. BDH-Aristar, and c o n t r i b u t e d n e g l i g i b l e 
q u a n t i t i e s of heavy metals t o the blank. 
The t o t a l d i s s o l v e d blank corresponds t o those reported f o r the 
comparable d i g e s t i o n and a n a l y s i s procedure of Fi g u r a and McDuffie 
(1980). They found blank l e v e l s of 0.08 ug Cd/1, 0.6 pg Cu/1 and 
1.1 ug Zn/1, which were lower due to a f u r t h e r water d i l u t i o n process. 
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CHAPTFR ñ INVESTIGATI05 QF TECHMIQUES VHICH IMITATE BIOAVAILABLE 
METAL UFTAKB. 
The development of a s p e c i a t i o n scheme f o r separating stormwater metal 
f r a c t i o n s provides some es t i m a t i o n of b i o a v a i l a b l e s p e c i e s . An attempt 
to f u r t h e r improve and r e f i n e b i o a v a i l a b l e metal determination methods 
was continued throughout the p r o j e c t . The major d i r e c t i o n of t h i s work 
has been based on the a b i l i t y of c h e l a t i n g r e s i n s t a remove metals by 
a procese which i m i t a t e s metal uptake at the c e l l surface (Florence 
1982b). This i s known as the Fundamental Approach (Batley 1983). The 
use of c h e l a t i n g r e s i n s i n t h i s respect was reviewed i n S e c t i o n 2.4.1. 
Chelex-100 which possesses c a r b o x y l i c a c i d and amine f u n c t i o n a l 
groups, as w e l l as possessing a porous s t r u c t u r e , was the f i r s t r e s i n 
used by workers t a s e l e c t b i o a v a i l a b l e metals (Florence and Ba t l e y 
1980). However the sulphur c o n t a i n i n g compounds of b i o t a , such as 
me t a l l o t h i o n e i n s or amino a c i d s , may react i n a d i f f e r e n t way to heavy 
metal species than do the Chelex-100 l i g a n d s . Florence (1982b), 
t h e r e f o r e , used r e s i n s c o n t a i n i n g t h i a l l i g a n d s t o imítate the metal 
binding p r o t e i n , m e t a l l o t h i o n e i n . 
Unlike m e t a l l o t h i o n e i n , c y s t e i n e i s an amino a c i d known to be 
ubiquitous amongst b i o l o g l c a l c e l l s and a l s o contains the t h i o l 
f u n c t i o n a l group. I f a cys t e i n e r e s i n could be prepared then i t s use 
may represent a useful médium f o r the d e t e c t i o n and removal of 
b i o a v a i l a b l e metals from p o l l u t e d waters, 
The transport of metal species across the b i o l o g l c a l membrane may not 
be d i r e c t l y comparable to r e s i n k i n e t i c s ; i n f a c t membrane tr a n s p o r t 
Is a slow process (Turner 1983). Tt nn+ s u r p r i s i n g t h e r e f o r e , that__a 
t h i o l r e s i n was found to over-estimate the t o x i c i t y of metal speci e s 
towards algae i n seawater (Florence et a l . 1983). 
I t would t h e r e f o r e a l s o be i n t e r e s t i n g t o attempt to imítate the 
f u n c t i o n of the c e l l membrane i n a d d i t i o n t o the c e l l c o n s t i t u e n t s . 
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D i a l y s i s provides a s u i t a b l e a n a l y t i c a l method t o i m i t a t e the 
f u n c t i o n a l c e l l membrane b a r r i e r and, while developing c a t i o n exchange 
d i a l y s i s , Cox et a l . (1984) have shown that i t i s p o s s i b l e t o c o l l e c t 
( i n r e c e i v i n g e l e c t r o l y e s ) metal s p e c i e s which have t r a v e r s e d the 
d i a l y s i s membrane from a sample s o l u t i o n . 
I f a r e c e i v e r could be encapsulated i n a d i a l y s i s bag and placed i n 
the stormwater o u t f a l l water f o r s e v e r a l days, then the r e s u l t i n g 
metal taken up may represent an assessment of p o t e n t i a l b i o l o g i c a l 
uptake. A c y s t e i n e r e s i n would then c o n s t i t u t e a s u i t a b l e r e c e i v e r f o r 
s e l e c t i n g b i o a v a i l a b l e metal s p e c i e s . In a d d i t i o n the d i a l y s i s 
membrane pore s i z e and r e s i n diameter can be s e l e c t e d so that the 
r e s i n remains i n the d i a l y s i s bag. 
The method described i n o u t l i n e above can be termed Dialysis with 
Receiving Resins. I f the surface area of the d i a l y s i s bag i s known 
then the t r a n s f e r of the p o l l u t a n t i n t o the model d i a l y s i s c e l l can be 
expressed i n terms of a metal uptake rate per u n i t s u r f a c e area. The 
method should be p a r t i c u l a r l y s u i t a b l e f o r long term sampling where 
sporadic f l u s h e s of metals are experienced. These may be missed by 
sampling procedures, but are not missed by the continuously monitoring 
Dialysis with Receiving Resins approach. 
However, there may be some problems i n i n t e r p r e t i n g the r e s u l t s from 
t h i s a n a l y t i c a l technique; 
a) Although metal transport across the c e l l membrane i s p r i m a r i l y 
c o n t r o l l e d by d i f f u s i o n - which i s the same process as Dialysis with 
Receiving Resins - the d i a l y s i s membrane i s only a s u b s t i t u t e f o r a 
r e a l membrane. The l a t t e r could be prepared by membrane mimetic 
chemistry where phospholipids are converted to s u i t a b l e liposomes 
(Fendler 1984), I t would then be necessary t o f i n d methods_of_ei_ther_ 
i ) entrapping s u i t a b l e t h i o l groups i n the prepared double l a y e r 
v e s i c l e bags 
or i i ) generating t h i o l groups in situ from precursors 
or l i i ) s e l e c t i n g phospholipids already c o n t a i n i n g t h i o l groups i n the 
hydrocarbon b i l a y e r s . 
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b) The c h e l a t i n g r e s i n does not f i l l the d i a l y s i s bag. A c h e l a t i n g 
g e l , such as that prepared by Culberson et a l . (1982), could be used 
to f i l l the bag and provide an improved d i f f u s i o n g r a d i e n t . 
c) Dialysis with Receiving Resins only provides a measurement of 
p o t e n t i a l b i o a v a i l a b l e metal uptake. So d e t a i l e d i n f o r m a t i o n , as 
provided by the s p e c i a t i o n scheme described i n Chapter 4, on the 
v a r i a t i o n s of metal species through storm and snowmelt events i s 
provided. 
The aim of the work described i n t h i s Chapter was to develop a 
procedure s u i t a b l e f o r a n a l y s i n g b i o a v a i l a b l e heavy metal spec i e s i n 
stormwater. In order to prepare a s u i t a b l e c y s t e i n e c h e l a t i n g r e s i n 
f o r the removal of b i o a v a i l a b l e heavy metal s p e c i e s from stormwater 
samples, and f o r encapsulation i n d i a l y s i s bags, two experimental 
s y n t h e t i c procedures were c a r r i e d out. 
5.1 Preparation of Cysteine C h e l a t i n g Resin I. 
Liu and Sun (1981) have described the p r e p a r a t i o n of a c y s t e i n e 
c h e l a t i n g r e s i n based on a macroporous c r o s s - l i n k e d p o l y a c r y l o n i t r i l e 
co-polymer, i n which the c y s t e i n e molecules are bound to a c a r b o x y l i c 
a c i d form of the polymer by e s t e r i f i c a t i o n . A major problem with t h i s 
s y n t h e t i c scheme i s t h a t the s t a r t i n g co-polymer i s not commercially 
a v a i l a b l e and p r e l i m i n a r y experiments c a r r i e d out i n t h i s study 
demonstrated the d i f f i c u l t i e s a s s o c i a t e d with i t s p r e p a r a t i o n . In 
p a r t i c u l a r the p o l y m e r i s a t i o n step was d i f f i c u l t t o c o n t r o l 
s u c c e s s f u l l y . 
An a l t e r n a t i v e s t a r t i n g m a t e r i a l i s a commonly a v a i l a b l e macroporous 
r e s i n (e.g. Amberlite XAD-4) prepared from divinylbenzene and which 
-can_be-.canver-ted—to-a-car-boxyl-i-c^for-m—(-Ho-yers-and-Fr-irtz—1-9-7-6-K—Thfs-
intermediate can then be converted to an amino a c i d c h e l a t i n g r e s i n 
according t o the e s t e r i f i c a t i o n method of L i u and Sun (1981). 
The s y n t h e t i c scheme i s shown i n Figure 5.1. I t should be noted that 
i n the f i n a l product the free c a r b o x y l i c a c i d group of the c y s t e i n e i s 
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bound as an e s t e r l i n k a g e . Tie a v a i l a b l e metal c h e l a t i n g groups are 
therefore amine and sulphydryl groups. However, i t i s p o s s i b l e that 
there may be unreacted carboxyl groups remaining on the XAD-4 r e s i n 
( P h i l l i p s and F r i t z 197S). 
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Figure 5.1 Synthesis Scheme f o r Preparing Cysteine C h e l a t i n g Resin 
I. 
5,1,1 Method of Preparation 
Commercial XAD-4 r e s i n was ground and sieved t o e i t h e r 53-250 pm 
(Batch 1) or 106-250 urn (Batches 2 and 3 ) . The higher p r o p o r t i o n of 
f i n e s i n Batch 1 created d i f f i c u l t i e s when t r a n s f e r r i n g the r e s i n i n t o 
a chromatography column during the metal e x t r a c t i o n experiments. This 
problem was removed for Batches 2 and 3 where p a r t i c l e s f i n e r than 
106 pm were avoided. 
The sieved XAD-4 was cleaned by r e f i u x i n g with methanol followed by 
su c t i o n f i l t r a t i o n . Further washing with 12K h y d r o c h l o r i c a c i d , water 
and acetone was necessary before the r e s i n , a f t e r d r y i n g overnight at 
50*C, was ready f o r use, 
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To the XAD-4 r e s i n (5g) was added anhydrous aluminium t r i c h l o r i d e 
(35g) and 60-80'C petroleum ether (20 ml). Over a 30-60 minute period 
a mixture of 50:50 petroleum e t h e r / a c e t i c anhydride <20 ml) was added 
through a water cooled condenser and the mixture r e f l u x e d at 75*C f o r 
three hours. The product was cooled t o room temperature and hydrolysed 
i n a mixture of 12H h y d r o c h l o r i c a c i d and i c e . A f t e r c o l l e c t i o n by 
s u c t i o n f i l t r a t i o n the product was washed s u c c e s s i v e l y w i t h 15K 
ammonium hydroxide, 12H h y d r o c h l o r i c a c i d , water and acetone. The 
complete procedure was repeated t o o b t a i n a higher y i e l d of the 
ac e t y l a t e d product, which was d r i e d at 50'C. 
The a c e t y l a t e d product was o x i d i s e d t o the c a r b o x y l i c a c i d 
intermediate by s t i r r i n g f o r one hour with 0.1M potassium permanganate 
i n 2% sodium hydroxide. The product was c o l l e c t e d , washed and d r i e d as 
f o r the a c e t y l a t e d intermediate. 
The c a r b o x y l i c a c i d r e s i n was then mixed with molten 1,6-hexanediol 
<30g) co n t a i n i n g 18M s u l p h u r i c a c i d as a c a t a l y s t . Under these 
c o n d i t i o n s the e s t e r i f i c a t i o n was completed by r e a c t i n g at 70*C f o r 24 
hours. The product was washed with b o i l i n g methanol and d r i e d <50*C). 
The r e s u l t i n g r e s i n was added t o a mixture of L-cysteine (30g), 
dioxane (50 ml) and 18M s u l p h u r i c a c i d (2 ml), and heated at 90*C f o r 
24 hours. The f i n a l product was washed with water, 12H h y d r o c h l o r i c 
a c i d , water and acetone. A f t e r d r y i n g at 50"C the c o l l e c t e d product 
was a tan col o u r , 
5.1,2 Potentiometrie T i t r a t i o n of Cysteine C h e l a t i n g Resin I . 
In t h i s type of t i t r a t i o n the a c i d i c groups on the r e s i n are 
—neu-t-Falised—by— a—base^—The-pH-a-t-the—vol-u-me—f-er- ha-l-f—neu-tra-lisa-t-i-on-of— 
a p a r t i c u l a r a c i d i c group i s equivalent t o the pK- value. 
Other workers have reported r e s u l t s f o r the Potentiometrie t i t r a t i o n 
of c h e l a t i n g r e s i n s , as shown i n Table 5.1, but i t i s d i f f i c u l t to 
t e s t the a u t h e n t i c i t y of t h e i r data. In bath cases the prepared r e s i n 
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was known t o contain unreacted c a r b o x y l i c a c i d groups. The assigned 
pK-. values f o r the c a r b o x y l i c a c i d groups seem high compared to 
normally quoted pK« values. 
Table 5.1 Potentiometrie T i t r a t i o n R e s u l t s f o r Metal C h e l a t i n g 
Resins. 
Reference Resin C h e l a t i n g Reported Normally 
Group pK
a 
Quoted pK* 
Moyers and He x y l t h i o g l y c o l a t e -COOH 4.40 1.86 
F r i t z (1976) -SH 7.90 10.34 
L i u and Cysteine -COOH 5.65 1.86 
Sun (1981) -flH=r 6.59 8.35 
-SH 7. 16 10.34 
L i u and Sun (1981) do not show the t i t r a t i o n curve from which t h e i r 
data i s d e r i v e d , and the graph presented by Moyers and F r i t z (1976) 
does not a l l o w the easy i n t e r p r e t a t i o n they suggest. 
5.1.2. 1 Potentiometric T i t r a t i o n Method. 
The r e s i n (0.2g) was e q u i l i b r a t e d with water (50 ml) through which a 
stream of ni t r o g e n gas was passed. T i t r a t i o n against 0.1M sodium 
hydroxide was c a r r i e d out, using a pH el e c t r o d e t o f o l l o w the progress 
of the r e a c t i o n . Small increments (0.04-0.1 ml) were added with a f i v e 
minute e q u i l i b r a t i o n time between each a d d i t i o n . 
5.1.2.2 Results f o r the Potentiometric T i t r a t i o n . 
The t y p i c a l t i t r a t i o n curve obtained f o r Cysteine C h e l a t i n g Resin I i s 
shown i n Figure 5.2. The i s o e l e c t r i c p o i n t , where the d i p o l a r i o n 
e x i s t s , occurs at pH 4.2. A n e u t r a l i s a t i o n process commences at pH 8.9 
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and łs s t i l l occurring after the addition of 1.5 ml of 0. 1Ä HaOH. This 
can he attributed to the neutralisation of the protonated anine group. 
pH 
10 
ß 
H H a - £ H - C O * 
CHxSH 
0.4 0.6 1.2 
0.IK laOH (ml) 
1.6 
Figure 5.2 Potentiometrie T i t r a t i o n f o r Cysteine C h e l a t i n g Resin I 
(0. 19 g). 
5.1.3 I n f r a - r e d A n a l y s i s of Cysteine C h e l a t i n g Resin I. 
The i n f r a - r e d spectrum of the r e s i n i n a KBr p e l l e t was recorded. When 
the spectrum i s compared to that of XAD-4, new bands can be seen to 
have appeared at 1679, 134B and 1262 c u r
1
. The 1262 and 1679 cm"
1 
bands may represent carbonyl (.0=0) l i n k a g e s w i t h i n e i t h e r of the two 
e s t e r groups i n the molecule (Figure 5.1). 
5.1.4 Mass Spectrum of Cysteine C h e l a t i n g Resin I. 
The r e s i n was ground to a f i n e powder and a small amount (0.01g) 
Introduced, v i a a d i r e c t i n s e r t i o n probe, Into a Hewlett Packard Model 
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5995B, Gas Chromatograph/Mass Spectrometer. I n d i v i d u a l f u n c t i o n a l 
groups were not found, although a great abundance of elemental sulphur 
was detected. The presence of sulphur suggests that the attachment of 
cy s t e i n e to the prepared r e s i n has been s u c c e s s f u l . 
5.1.5 Heavy K e t a l C h e l a t i n g Capacity of Cysteine Resin I. 
The batch c h e l a t i n g c a p a c i t y f o r Zn, Cd, Pb and Cu was determined as 
described below. 
5,1.5,1 Technique f o r the Determination of Batch Capacity. 
The metal standard <30 ml), at a c o n c e n t r a t i o n of 1 mg/ml, was 
adjusted to the r e q u i r e d pH with 0.1M sodium hydroxide s o l u t i o n . 
Cysteine C h e l a t i n g Resin I was added and the mixture e q u i l i b r a t e d f o r 
two hours. The r e s i n was t r a n s f e r r e d i n t o a chromatographic column and 
washed with water. The metal bound to the r e s i n was e l u t e d w i t h 1M 
n i t r i c a c i d (10 ml) and, a f t e r making up t o volume (25 ml), the metal 
concentration was determined by ASV. 
5.1.5.2 R e s u l t s f o r the Batch Capacity. 
When the pH of the metal standards was adjusted to 7.0 i t was observed 
that Cu and Pb p r e c i p i t a t e d as hydroxide, because of t h i s problem the 
Zn and Cd r e s u l t s were a l s o not considered r e l i a b l e . 
The batch c a p a c i t y determination was t h e r e f o r e c a r r i e d out at pH 4.0, 
at which point the metal hydroxides are s o l u b l e . The metal uptake 
cap a c i t y f o r c h e l a t i n g r e s i n s i s g r e a t l y increased at higher pH values 
(Culberson et a l . 1982) and t h e r e f o r e the values obtained should be 
considered as minimum c a p a c i t i e s under stormwater c o n d i t i o n s . 
The batch c a p a c i t y r e s u l t s f o r the r e s i n at pH 4.0 are shown i n Table 
5.2. Copper shows the greatest a f f i n i t y f o r the r e s i n , f o l l o w e d by Zn 
and Cd, with Pb having the lowest a f f i n i t y . This order i s s i m i l a r t o 
that of Chelex-100 which has an order of s e l e c t i v i t y of Cu > Pb > Zn > 
-145-
Cd (Bio-Had 1981). The uptake c a p a c i t y of Cu i s s i m i l a r t o that found 
"by Culberson et a l . (1982) f o r t h e i r c h e l a t i n g g e l . 
Table 5,2 Batch C a p a c i t i e s f o r Cysteine C h e l a t i n g Resin I (pH 4.0). 
ug/g Resin umol/g Resin 
Zinc 567.5 8.68 
Cadmium 948.8 8. 44 
Lead 974. 4 4.7 
Copper 944,5 14. 86 
5.2 Pr e p a r a t i o n of Cysteine C h e l a t i n g Resin I I . 
A second s y n t h e s i s was attempted by an a l t e r n a t i v e route which reduced 
the p r e p a r a t i o n time from one week t o two days; i n a d d i t i o n the 
hydroxymethyl intermediate i s recognised as a be t t e r product, 
c o n t a i n i n g fewer free c a r b o x y l i c a c i d groups ( P h i l l i p s and F r i t z 
•1978). 
The s y n t h e s i s i n v o l v e s the same s t a r t i n g r e s i n as r e s i n 1 (XAD-4) but 
d i f f e r s i n that the e s t e r i f i c a t i c n w ith c y s t e i n e i n v o l v e s an 
hydroxymethyl intermediate (Figure 5.3). The s y n t h e s i s a l s o i n v o l v e s 
fewer procedural steps. 
[OJ • C H 2 O - ( C H 3 C O ) 2 0 
IXAD -u 
ACETYLATION HYDROLYSIS 
CH2OCCH3 
0 
ESTERIRCAllOM fo 
CH20H 1
 ;i 
0 
CYSTEINE CHELATING 
RESIN M 
Figure 5.3 Synthesis Scheme f o r preparing Cysteine C h e l a t i n g Resin 
I I . 
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5,2,1 Method of Preparation, 
In t h i s s y n t h e s i s XAD-4 was ground and sieved t o 125-250 um, followed 
by r i n s i n g with methanol. A f t e r d r y i n g overnight (50'C) the XAD-4 
(I5g) was mixed with paraformaldehyde (3g), a c e t i c a c i d <40 ml) and 
a c e t i c anhydride (10 ml) using magnetic s t i r r i n g . A f t e r a few minutes 
z i n c c h l o r i d e (15 g) was added and the f l a s k secured. Heating 
overnight at 60*C produced the acetoxymethyl intermediate which was 
ri n s e d with methanol and i s o l a t e d by s u c t i o n f i l t r a t i o n . 
The r e s u l t i n g r e s i n was hydrolysed by r e f l u x i n g with concentrated 
h y d r o c h l o r i c a c i d and methanol (1:9 v/v) f o r one hour. The 
hydroxymethyl intermediate was i s o l a t e d by s u c t i o n f i l t r a t i o n and 
d r i e d overnight (50*C). 
To a p o r t i o n of the product (7,5g) was added dioxane (75 ml), 
concentrated s u l p h u r i c a c i d (4 ml) and L-cysteine (45g), A f t e r 
thorough mixing with a magnetic s t i r r e r the mixture was heated 
overnight i n a stoppered f l a s k at 70*C. The c y s t e i n e r e s i n was 
i s o l a t e d by s u c t i o n f i l t r a t i o n and washed with water, concentrated 
h y d r o c h l o r i c a c i d , methanol and f i n a l l y water. The product was d r i e d 
overnight (50 "O. 
5.2.2 P o t e n t i o m e t r i c T i t r a t i o n f o r Cysteine C h e l a t i n g Resin I I . 
Potentioraetric t i t r a t i o n s , by the method described i n S e c t i o n 5.1.2.1, 
were c a r r i e d out f o r the intermediates, as we l l as the f i n a l product, 
Cysteine C h e l a t i n g Resin I I . 
XAD-4 was not found to c o n t a i n any a c i d i c groups. However, f o r both 
the acetoxymethyl and hydroxymethyl intermediates an a c i d i c group was 
present (pK™, = 2.83) which cannot be explained t h e o r e t i c a l l y by the 
synth e s i s scheme (Figure 5.3). I t i s p o s s i b l e that the reagents used 
during the f i r s t stage of the s y n t h e s i s may r e s u l t i n a c a r b o x y l i c 
a c i d group being attached to the XAD-4 s t a r t i n g r e s i n . The a c i d i c 
group remains unaffected during the h y d r o l y s i s step. 
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Tie comparison of the potentiometric titration curves for the Cysteine 
Chelating Sesln II and pure cysteine reveals a close s l a i l a r i t y 
between the two (Figure 5;4), except that for the former the 
isoelectric point occurs at a lower pH value. This can only be due to 
the presence of unreacted acid groups on the resin as the carboxylic 
acid group on the cysteine resin i s bound as an ester and therefore 
does not contribute to the titration curve. 
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pfi 
9.0 
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Figure 5.4 Comparison of Po t e n t i c m e t r i c T i t r a t i o n Curves f c r Pure L-
cys t e i n e (100 mg) and Cysteine C h e l a t i n g Resin I I (200 
mg). 
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5,2,3 I n f r a - r e d A n a l y s i s of Cysteine C h e l a t i n g Resin I I . 
The i n f r a - r e d spectra of Cysteine C h e l a t i n g Resin II and i t s 
intermediates revealed peaks at 1740 and 1240 cm"
1
, which can be 
a t t r i b u t e d t o C=0 and C-Q s t r e t c h i n g v i b r a t i o n s r e s p e c t i v e l y . These 
peaks were absent from the XAD-4 s t a r t i n g m a t e r i a l and the 
hydroxymethyl d e r i v a t i v e , which supports the s t r u c t u r e s shown i n 
Figure 5.3. 
5.^2 Preparation of a Che l a t i n g Resin Containing T h i o l Groups. 
The use of a r e s i n c o n t a i n i n g t h i o l groups t o i m i t a t e the r o l e of 
me t a l l o t h i o n e i n s i n metal uptake was f i r s t a p p l i e d t o metal s p e c i a t i o n 
s t u d i e s by Florence (1982b). In t h i s study the t h i o l r e s i n was 
prepared f o r a comparison of b i o a v a i l a b l e . m e t a l uptake with the 
cysteine c h e l a t i n g r e s i n s (Figure 5.5). 
The hydroxymethyl XAD-4 intermediate of P h i l l i p s and F r i t z (1973) was 
prepared f o l l o w i n g the procedure o u t l i n e d i n S e c t i o n 5.2 and the t h i o l 
group attached by e s t e r i f i c a t i o n w ith t h i o g l y c o l l i c a c i d ( P h i l l i p s and 
F r i t z 1978). 
5.3.1 Method of Preparation. 
The hydroxymethyl intermediate (10g), prepared as described i n S e c t i o n 
5.2, was reacted overnight with t h i a g l y c o l l i c a c i d (40 ml) and 
concentrated h y d r o c h l o r i c a c i d (2 ml), under a stream oí n i t r o g e n , at 
60*C. A f t e r i s o l a t i n g the product by s u c t i o n f i l t r a t i o n , followed by 
Figure 5.5 Synthesis Scheme f o r Preparing T h i o l Resin. 
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successive washing with water, concentrated h y d r o c h l o r i c a c i d and 
methanol, the f i n a l product was d r i e d at 50*C. 
5.4 Comparison of Cysteine. Chelex-100 and T h i o l C h e l a t i n g Resins f o r 
the, Uptake of Metals from a Stormwater Sample. 
The s u i t a b i l i t y of d i f f e r e n t c h e l a t i n g r e s i n s f o r removing b i o v a i l a b l e 
metal spec i e s from stormwater may be assessed by comparing metal 
speci e s uptake by each r e s i n from a sample. Florence (1982b) has 
compared E l e c t r o c h e m i c a l l y A v a i l a b l e , Chelex Resin Removeable and 
T h i o l Resin Removeable heavy metals i n seawater, tap water and creek 
water samples. Only the column method was used f o r r e s i n e x t r a c t i o n , 
while i n the present work a batch method was used to provide a 
complete e q u i l i b r a t i o n of the r e s i n with the sample. The important 
r e s u l t s obtained by Florence (1982b) were; 
a) the T h i o l r e s i n e x t r a c t s more Cu than Chelex-100. 
b) E l e c t r o c h e m i c a l l y A v a i l a b l e metal was higher than T h i o l Removeable 
f o r Cd and Pb, but the reverse f o r Zn and Cu. 
c) i n some cases Cd and Pb, although E l e c t r o c h e m i c a l l y A v a i l a b l e , 
showed zero adsorption on Chelex-100 and T h i o l r e s i n s . 
In t h i s study a s i m i l a r comparison, using both column and batch 
methods, was made f o r the uptake of metal spec i e s by d i f f e r e n t 
c h e l a t i n g r e s i n s from the d i s s o l v e d phase of a stormwater sample. 
5.4.1 Methods f o r Metal A n a l y s i s . 
The E l e c t r o c h e m i c a l l y A v a i l a b l e , T o t a l Dissolved and Chelex Removeable 
(batch) metals were determined as described i n S e c t i o n 4.1. Column 
e x t r a c t i o n was accomplished using a 4 cm bed depth of r e s i n , contained 
i n a small chromatography column (diameter, 1 cm). The sample (50 ml) 
was passed slowly through the column and the r e t a i n e d metal was e l u t e d 
with 1M HHCb (10 ml) followed by washing with water (10 ml). A f t e r 
making up to volume (25 ml) the metal l e v e l s i n the e l u a t e (7 ml) were 
determined by ASV a f t e r the a d d i t i o n of 2M sodium acetate (3 ml). 
Batch e x t r a c t i o n f o r the T h i o l and Cysteine r e s i n s was c a r r i e d out as 
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described in Section 4.1 for Chelex-100, except that any pre-analysis 
resin preparation was omitted. 
5.4.2—Results for a Preliminary Sampl*. 
A bulked sample <2 1) of stormwater from the Oxhey catchment, which 
had been frozen, was filt e r e d and analysed (in duplicate) for 
Blectrochemically Available, Total Dissolved and Thiol, Chelex and 
Cysteine Removeable metals. The results are expressed In a bar chart 
form (Figure 5. 6). 
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Figure 5.6 Comparison of Uptake of Metals from the Dissolved Phase 
of a Stormwater Sample by Different Chelating Resins. 
-151-
There i s a c o n s i s t e n t l y higher removal by batch, as compared t a 
column, methads f o r d i s s o l v e d metal sp e c i e s . This can be a t t r i b u t e d t o 
the n o n - e q u i l i b r a t i o n af the column method and t h e r e f o r e incomplete 
metal uptake. In some cases, e s p e c i a l l y with Cysteine r e s i n and Chelex 
r e s i n batch methads, 100% removal of metal species i s o c c u r r i n g . This 
i s not so obvious i n the case of Pb, probably due t o the formation of 
s t r o n g l y bound complexes. 
There i s a cióse s i m i l a r i t y i n the a f f i n i t l e s of Zn and Cd f o r the 
d i f f e r e n t r e s i n s . This suggests t h a t these two metáis may e x i s t as 
s i m i l a r metal s p e c i e s . Another i n t e r e s t i n g f eature i s that the T h i o l 
column method ne a r l y always produces zero e x t r a c t i o n . The metal 
species are t h e r e f o r e not l a b i l e t o t h i o l over the timescale of the 
column contact. 
In the case of the T h i o l batch method the metal s p e c i e s are more 
responsive, p a r t i c u l a r l y f o r Cu, and to a l e s s e r extent the other 
three metáis. The T h i o l r e s u l t s are g e n e r a l l y comparable with the 
f i n d i n g s of Florence (1982b). 
For a l l f our metáis there i s a marked s i m i l a r i t y of e x t r a c t i o n 
e f f i c i e n c y between the Chelex and Cysteine r e s i n s , p a r t i c u l a r l y i n the 
case of Zn and Cu. In terms of the Fundamental Approach t h i s 
demonstrates t h a t Chelex-100 can be f a i r l y r e p r e s e n t a t i v e of metáis 
taken up by c e l l s t r u c t u r e s , although the Cysteine r e s i n i s p r e f e r r e d , 
as the sulphur c h e l a t i n g groups may be more t y p i c a l of the metal 
c h e l a t i n g groups faund i n b l a t a . The major d i f f e r e n c e between the two 
r e s i n s occurs i n the case of Pb, where Chelex-100 i s more e f f i c i e n t , 
but otherwise the r e s i n s seem t a behave s i m i l a r l y and give i d e n t i c a l 
i n t e r p r e t a t i o n s i n terms of b i o a v a i l a b l e metáis. 
D l a l y s i s with Receiving Resins. 
I f the c e l l c o n s t i t u e n t s can be i m i t a t e d by uptake of metal species 
onto an amino a c i d c h e l a t i n g r e s i n , then d l a l y s i s may reasonably 
imítate the f u n c t i o n of a c e l l membrane. Although high concentrations 
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of M o a v a i l a b l e heavy metals may e x i s t i n stormwater t h i s does not 
n e c e s s a r i l y mean that they are b i o - a s s i m i l a t e d . Adsorption of metal 
s p e c i e s t o the c e l l membrane i s known to be f a s t , r e l a t i v e t o 
tr a n s p o r t across the c e l l membrane (Mouvet 1984). I f the adsorbed 
specie s are removed a f t e r a storm event, when baseflow c o n d i t i o n s are 
dominant, then the membrane t r a n s f e r process may not be r a p i d enough 
f o r the organism to be a f f e c t e d by the metal l e v e l s present i n the 
storrawater. 
D i a l y s i s membranes, prepared from c e l l u l o s e and with a molecular 
weight c u t - o f f value of 1000, are a v a i l a b l e . They may i m i t a t e q u i t e 
c l o s e l y the response of a c e l l membrane t o metal s p e c i e s , although i t 
should be remembered that a true c e l l membrane has a phospholipid 
s t r u c t u r e . In a d d i t i o n the s t a t e and species of the organism w i l l 
a f f e c t metal t r a n s p o r t . By i n c o r p o r a t i n g the Cysteine r e s i n i n t o a 
d i a l y s i s bag and l o c a t i n g t h i s at the stormwater o u t f a l l , a s i m u l a t i o n 
of metal specles-organism i n t e r a c t i o n can be achieved. 
5.5. 1 Method f o r D i a l y s i s with Receiving Resins. 
Spectrapor wet d i a l y s i s tubing w i t h a molecular weight c u t - o f f value 
of 1000, and a tube diameter of 47 mm, was used. This had been 
conditioned and metal contamination removed by e q u i l i b r a t i o n i n water 
and Chelex-100 (100 mg) r e s p e c t i v e l y overnight. A bag length of 60-100 
mm was found t o be s u i t a b l e and was a c c u r a t e l y measured. The r e s i n 
(200 mg) was s l u r r i e d with water (= 20 ml) i n t o a d i a l y s i s bag. A f t e r 
t i g h t l y s e a l i n g the bag at both ends i t was suspended i n the 
stormwater o u t f a l l f o r a pe r i o d of 3-4 days. 
On r e t u r n t o the la b o r a t o r y the d i a l y s i s bag was cut open and the 
r e s i n released i n t o a separating column and washed with water (10 ml). 
The r e s i n was then e l u t e d with 1M HN0
3
 (10 ml) and water (10 ml) and 
analysed f o r heavy metals as described f o r Chelex i n S e c t i o n 4.1. 
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5.5.2 Results f o r two P r e l i m i n a r y Measurements 
A p r e l i m i n a r y study of the method was c a r r i e d out at the Bergsjbn 
f i e l d s t a t i o n <see S e c t i o n 3.2). However, Chelex r e s i n together with 
d l a l y s i s t u b i n g , which had a molecular c u t - o f f value of 3500, was used 
f a r t h i s t e s t . 
Uptake of metáis should be dépendent on the exposed surface area (see 
S e c t i o n 5.5.3), and therefore the heavy metáis r e t r i e v e d by the r e s i n 
are expressed as an uptake r a t e , i n ng of heavy metal/mm
2
 of d i a l y s i s 
membrane surface area/hDur, as shown i n Table 5.3. 
Table 5.3 Uptake of Metals by Chelex-100 i n a 3500 Molecular Veight 
Cut-off D i a l y s i s Bag. 
Time Period Metal Uptake Rate, ng/muP/hour 
Zinc Cadmium Lead Copper 
10.00, 22.11. 84 to 
15.00, 26.11. 84 73. 1 0.12 0.51 19.3 
15.00, 26.11. ,84 to 
11.00, 29.11. ,84 26.5 0.05 0.25 2. 03 
The f i r s t and second time periods had runoff volumes of 650.4 and 
169.2 m
3
 r e s p e c t i v e l y . A i l four metáis show increased metal uptake 
during the f i r s t p e r i o d . I t seems ther e f o r e that Dialysis with 
Receiving Resins i s s e n s i t i v e to increased i n t e r m i t t e n t stormwater 
discharges. 
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5.5.3 R e l a t i o n s h i p between D i a l y s i s with Receiving Resins Metal 
Uptake and Surface Area. 
The uptake of metal i n t o the d i a l y s i s c e l l would be expected t o be 
r e l a t e d t o the surface area of the exposed membrane. I t i s important 
to f i n d out I f t h i s r e l a t i o n s h i p holds so that the r e s u l t s can be 
expressed as an uptake r a t e per u n i t surface area. 
Five d i a l y s i s bags, of différent s i z e s , with a molecular weight cut-
o f f value of 1000 and co n t a i n i n g the Cysteine r e s i n , were placed at 
the Bergsjön stormwater o u t f a l l during a snowmelt pe r i o d C21.02.85 to 
25.02.85). The r e s u l t s i n Table 5.4 glve the uptake r a t e i n 
pg/mnrVhour f o r each metal. 
Table 5.4 Metal Uptake Rate f o r Dialysis with Receiving Resins 
depending on Surface Area, 
Surface Area 
mm
2 
Metal Uptake Rate, , pg/mm^/hr 
Zinc Cadmium Le ad Copper 
4313 13.3 0. 57 0. 012 23.7 
5391 20.0 0.54 nd 37.1 
9165 14.7 0.51 1.14 25.3 
9524 21. 4 0.50 nd 27.7 
13298 15.9 0.53 0. 079 22. 1 
Mean 17. 1 0.53 - 27.2 
Standard déviation 3.12 0.024 - 5.29 
<+/- 18.3%) <+/- 4.5%) <+/- 19.5%) 
It i s c l e a r t h a t f o r Zn and Cu, and e s p e c i a l l y f o r Cd, a l i n e a r 
r e l a t i o n s h i p e x i s t s between metal uptake r a t e and the membrane surface 
area. The Pb r e s u l t s are o f t e n c l o s e t o the measured Pb blank value. 
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The low values of Pb found are r e l a t e d to the low d i s s o l v e d Pb 
concentrations found i n stormwater, despite a high suspended s o l i d 
c oncentration. 
The r e s u l t s i n Table 5.4 support the theory t h a t the transport of 
metal across the membrane i s by d i f f u s i o n from a high to a low metal 
concentration, with the c h e l a t i n g r e s i n r e g u l a t i n g the aqueous metal 
concentration i n the d i a l y s i s bag c l o s e to zero. According to t h i s the 
metal taken up should be dependent on the d i a l y s i s bag surface area, 
as can be seen i n Table 5.4. Table 5.4 a l s o shows that the method i s 
reasonably p r e c i s e f o r Zn and Cu and with a good p r e c i s i o n f o r Cd thus 
a l l o w i n g the use of the method f o r r o u t i n e stormwater monitoring. 
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CHAPTER 6 GULLYPOT «ETAL SFBCIATIQH - MECHAHISMS. QUTFLOV LQADINGS 
AWT) MASS BALANCES. 
The g u l l y p o t i s a small s c a l e sedlmentary basin which régulâtes, i f 
somewhat i n e f f i c i e n t l y , highway surface runoff p o l l u t i o n (Harrop 
1983). Current knowledge on the f a t e of heavy metals i n g u l l y p o t s was 
discussed i n Se c t i o n 2.1.1.3 and c e r t a i n l y the i n p u t s , Outputs and 
i n t e r a c t i o n s w i t h i n a g u l l y p o t with regard to metal s p e c i a t i o n have 
received scant a t t e n t i o n t o date. 
S p e c i a t i o n transformation processes, i n t h i s fermenting underground 
water réservoir, can c e r t a i n l y be a n t i c i p a t e d when a r a p i d change of 
g u l l y p o t contents occurs. This i s normally brought about by the shock 
pulse of a c i d i c , well oxygenated r a i n f a l l which enters the S y s t e m v i a 
the road s u r f a c e . In t h i s chapter processes a f f e c t i n g metal s p e c i a t i o n 
through the r a i n f a l l / r o a d s u r f a c e / g u l l y p o t System are i n v e s t i g a t e d by 
the a n a l y s i s of data c o l l e c t e d during a 216 month study of the Chalmers 
catchment (the catchment c h a r a c t e r l s t i c s are described i n 
Sec t i o n 3.3). Metal s p e c i a t i o n data f o r atmospheric f a l l o u t , s i z e 
f r a c t i o n a t e d road dusts, road r u n o f f , g u l l y p o t l i q u a r and g u l l y p o t 
outflow allowed the observation of s i x p h y s i c a l and chemical processes 
which a f f e c t the t r a n s p o r t of metals through the g u l l y p o t System. 
These Controlling processes are used t o e x p l a i n metal l o a d i n g 
v a r i a t i o n s f o r the g u l l y p o t outflow and f i n a l l y mass balances are 
drawn up f o r metal species through the system. 
I t i s f i r s t necessary to o u t l i n e and d i s c u s s the type of starm samples 
c o l l e c t e d during the study pe r i o d . 
€L_1 Storm C h a r a c t e r l s t i c s . 
S i x storm events of différent flow i n t e n s i t y and volume types were 
stud i e d , The h y d r o l o g i c a l c h a r a c t e r l s t i c s of these events are 
presented i n Table 6.1. 
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Table 6.1 Hydrolagical C h a r a c t e r l s t i c s f o r S i x Storm Events Sampled 
i n the G u l l y p o t . 
Storm Date Sample type Antecedent Storm R a i n f a l l Road 
Code c o l l e c t e d <No. Dry Pe r i o d Duration (mm) Runoff 
of samples) <days) (hours) ( l i t r e s ) 
6A 02.07.84 Road runoff (17) 2. 1 =10 1689 
6B 12.07.84 Road runoff (11) 10> 
Gullypot (12) 
Gullypot outflow (12) 
5.8 18.5 6932 
6C 01.08.84 Gullypot (12) 3 
Gullypot outflow (5) 
8 . 7 2.9 1667 
6D 04.08.84 Road runoff (4) 
Gullypot (7) 
Gullypot outflow (6) 
4.3 4.6 2155 
6B 15.08.84 Gullypot (7) 10 
Gullypot outflow (7) 
1.0 9.7 3951 
6F 03.09.84 Gullypot (7) 1 
Gullypot outflow (6) 
2.5 6.5 3992 
"0,6 fi?i rainfal 1 on preceding day 
In a d d i t i o n the g u l l y p o t continuous monitoring system gave values 
every minutę throughout each storm event f o r d i s s o l v e d oxygen 
co n c e n t r a t i o n , redox p o t e n t i a l , c o n d u c t i v i t y and pH. 
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Two storm events, 6B and 6E, occurred a f t e r r e l a t i v e l y long antécédent 
dry s p e l l s . 6E was the most intense storm with 2.7 mm r a i n f a l l i n g i n 
a f i v e minute period, although the whole event only l a s t e d one hour. 
The runoff f o r t h i s thunderstorm was c l o s e to the design c a p a c i t y of 
the sewer network Cl 1/s on 100 m
3
 f o r 15 minutes) with a maximum flow 
of 4.6 1/s. 
Storm 6B was a long heavy storm which continued f o r 5.8 hours. I t had 
a maximum road runoff flow r a t e of 2.03 1/s and the o v e r a l l f l o w 
volume of 6932 l i t r e s represented the greatest value f o r any one event 
during the 2iè month study p e r i o d . This storm began with a low flow f o r 
the f i r s t hour of 0.05 1/s, but had two intense r a i n f a l l periods 
during the t h i r d hour, Storm 6A was a l s o an intense summer storm of 
two hours d u r a t i o n with most of the flow volume o c c u r r i n g during the 
f i r s t h a l f hour. Storms 6C, 6D and 6F were low i n t e n s i t y storms with a 
short antécédent dry p e r i o d . 
The outflow loadings f o r four C o n t r o l l i n g parameters and the d i s s o l v e d 
and suspended s o l i d a s s o c i a t e d metals f o r f i v e of the storm events, 
6B ~ 6F, are shown i n Table 6.2 and can be compared to the 
h y d r o l o g i c a l c h a r a c t e r l s t i c s i n Table 6.1. Although only f i v e storms 
were monitored, d i s s o l v e d organic carbon loadings (Table 6.2) show a 
c l e a r p o s i t i v e l i n e a r r e l a t i o n s h i p t o antécédent dry p e r i o d (Table 
6.1). T h i s suggests a continuous accumulation of organic carbon, 
a v a i l a b l e f o r washout, during the dry p e r i o d both on the road surface 
and i n the g u l l y p o t l i q u o r and sédiment. A s i m i l a r , but weaker, 
r e l a t i o n s h i p between suspended s o l i d s and antécédent dry p e r i o d i s 
found. This i s due ta a f u r t h e r dependence on g u l l y p o t sédiment 
m o b i l i s a t i o n processes. During intense and l a r g e volume storm events a 
net l o s s of g u l l y p o t sédiment occurs, while during l e s s intense events 
the g u l l y p o t gains sédiment. For suspended s o l i d s , the antécédent dry 
p e r i o d r e l a t e s only to road surface sédiments so t h a t when the 
g u l l y p o t c o n t r i b u t i o n increases the corrélation (suspended s o l i d s with 
antécédent dry period) becomes weaker.The importance of the g u l l y p o t 
f o r c o n t r i b u t i n g sédiment can be seen f o r storm 6B when the g u l l y p o t 
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produced 66.5% of the suspended s o l i d s i n the outflow whereas storm 6D 
c o n t r i b u t e d only 11.3%. 
Table 6.2 Outflow loadings of Parameters and Heavy Hetals f o r Five 
Storm Events. 
Storm Parameter Outflow Loadings (g) Metal Outflow Loadings (mg) 
code 
Diss D i s s Part Suspended Zinc Cadmium Lead Copper 
Ca Org C Org C S o l i d s , 
D i s s SS D i s s SS Diss SS D i s s SS 
6B 12.4 28.3 45.3 467 
6C 3.9 15.1 2.4 23 
6D 2. 1 10.3 1.5 28 
6E 2.7 21.4 26.2 314 
6F 1.6 6.5 7,6 48 
296 182 2.6 1.0 80 812 123 71 
268 10 1.2 0.2 49 40 105 9 
128 7 0.8 0.15 28 48 79 6 
204 109 2.0 0.7 27 249 99 76 
198 31 0.9 0.3 17 75 23 9 
Diss - Dissolved 
SS = Suspended Solid 
Org = Organic 
Part = Particulate 
Metal loadings f o l l o w the c o n t r o l l i n g parameter loadings, such as 
d i s s o l v e d organic carbon and suspended s o l i d s , through the g u l l y p o t 
system. A good l i n e a r p o s i t i v e r e l a t i o n s h i p e x i s t s between d i s s o l v e d 
organic carbon and a l l four d i s s o l v e d metals (Table 6.1 and Table 
6.2), but no r e l a t i o n s h i p e x i s t s f o r d i s s o l v e d Ca. A p o s i t i v e l i n e a r 
r e l a t i o n s h i p a l s o e x i s t s between suspended s o l i d s and suspended s o l i d 
associated metals. However, p a r t i c u l a r l y i n the case of Zn, a b e t t e r 
r e l a t i o n s h i p i s obtained by c o n s i d e r i n g p a r t i c u l a t e organic carbon. 
This can be accounted f o r by the enrichment of organic carbon and 
metals i n suspended s o l i d s at low flow r a t e s . 
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Çu2 Chemical and P h y s i c a l Processes a f f e c t i n g Metal Speeles through 
the Gullypot System. 
The processes a f f e c t i n g metal Speeles are assessed by i n i t i a l l y 
c o n s i d e r i n g atmospheric f a l l o u t and then f o l l o w i n g metal transport 
over the road surfac e , w i t h i n the g u l l y p o t and thence t o the g u l l y p o t 
outflow pipe. 
6.2.1 Atmospheric F a l l o u t . 
Atmospheric f a l l o u t i s an Important source of heavy roetals, 
p a r t i c u l a r l y f o r d i s s o l v e d metal s p e c i e s . The importance of combined 
précipitation and dust f a l l o u t f o r starm 6B i s shawn i n Table 6.3. 
Although i n low concentrations, metal loadings become s i g n i f i c a n t f o r 
a l a r g e volume storm event. 
Table 6.3 P o s s i b l e Heavy Metal C o n t r i b u t i o n of Atmospheric F a l l o u t 
to Road Runoff, Storm 6B. 
Atmospheric F a l l o u t Metal as a % of Road Runoff 
Total D i s s o l v e d S o l i d 
metal metal metal 
Zinc i d i d i d 
Cadmium 22.2 nd 63.6 
Lead 64.5 153.9 42.9 
Copper 249.3 316.4 129.9 
id = insufficient data 
nd = not detected 
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In the d i s s o l v e d phase a i l the Pb and Cu i n the road runoff can be 
accounted f o r by atmospheric f a l l o u t . Suspended s o l i d f a l l o u t i s l e s s 
important f o r Pb, but could p o t e n t i a l l y comprise a i l of the Cu and a 
considérable amount of the Cd faund i n the road r u n o f f . 
A s i g n i f i c a n t amount of the d i s s o l v e d métal i n the précipitation may 
r e s u i t from r e a d i l y s o l u b l e airborne s o l i d s . For example, s o l i d 
associated heavy metals can be r a p i d l y s o l u b i l i s e d by the a c i d i c 
r a i n f a l l , which i n t h i s storm had a recorded pH of 4.1. The road 
surface may reduce the t r a n s f e r of atmospheric f a l l o u t t o the g u l l y p o t 
due to the immobility of coarser s o l i d s and chemical changes i n métal 
s p e c i a t i o n during the washoff process. In the case of Pb the abundance 
of road dust a s s o c i a t e d métal (e.g. 2556 mg f o r storm 6A) a f f s e t s the 
r e l a t i v e importance of r a i n f a l l s o l i d s input (58.6 mg f o r storm 6A). 
In f a c t t h i s i s u s u a l l y true f o r Cd, Cu and Zn as w e l l . 
Atmospheric f a l l o u t i s a l s o an important source of f r e e d i s s o l v e d 
métal specie s , which i s r e l a t e d t o the low pH (average 4.2) and low 
d i s s o l v e d organlc carbon concentration (average 1.3 mg/1). For storm 
6B, i n atmospheric f a l l o u t , 46% of t o t a l Cd, 18% of t o t a l Pb and 68% 
of t o t a l Cu, was i n the Chelex Removeable f r a c t i o n . Thèse r e a c t i v e 
métal species can be r e a d i l y adsorbed t o , or complexed by, organic and 
inorganic compounds and may not even become a c o n s t i t u e n t of road 
ru n o f f . 
6.2.2 Métal M o b i l i s a t i o n from Road Dusts. 
Two processes are known to a f f e c t the m o b i l i s a t i o n of metals from road 
dusts. F i r s t l y , the a c i d i c nature of r a i n f a l l helps to t r a n s f e r métal 
species i n t o the d i s s o l v e d phase. Secondly, the chemical s o r t l n g of 
métal species takes place over and at the road surface during r u n o f f . 
6.2.2.1 Acid Rain M o b i l i s a t i o n . 
A c i d i c waters can d i s s o l v e i n o r g a n i c compounds and the r e f o r e r e l e a s e 
s o l i d a s s o c i a t e d métal forms i n t o the d i s s o l v e d phase. Métal spec i e s 
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which are attached to the s o l i d surface can a l s o be released t o the 
d i s s o l v e d phase because of hydrogen ion s a t u r a t i o n of surface s i t e s . 
The a c i d i t y of the r a i n f a l l reaching the road surface during the study 
pe r i o d was i n the pH range 3.8-4.9. P r e v a i l i n g wind and l o c a l 
atmospheric c o n d i t i o n s are c r i t i c a l f o r r a i n f a l l a c i d i t y i n the 
Gathenburg area. Lower pH values are a s s o c i a t e d with south-westerly 
winds and the higher, r e l a t i v e l y n e u t r a l pH r a i n f a l l occurs i n 
connection with n o r t h e r l y winds, The i n i t i a l a c i d r a i n d i s s o l u t i o n of 
road dust a s s o c i a t e d metals should increase with decreasing pH. 
The t o t a l mass balance f o r Cd i n storm 6B shows th a t 52% (1.58 mg) of 
the Cd a v a i l a b l e f o r rénovai from the road surface and the incoming 
atmospheric f a l l o u t i s washed o f f i n road r u n o f f . There are two 
p a s s i b l e explanations f o r t h i s observation: 
a) Cadmium i s enriched i n c e r t a i n e a s i l y m o b i l i s e d road dust 
f r a c t i o n s . This p h y s i c a l m o b i l i s a t i o n process can be supported by the 
1.5 mg Cd that was found i n the <125 um f r a c t i o n of road s o l i d s (out 
of a t o t a l of 2.71 mg Cd). 
b) Road dust a s s o c i a t e d Cd i s c h e m i c a l l y t r a n s f e r r e d t o the d i s s o l v e d 
phase by a c i d i c incoming r a i n f a l l , f o l l o w e d by d i r e c t washoff. 
The p h y s i c a l m o b i l i s a t i o n process wauld r e q u i r e the m o b i l i s a t i o n of 
5.4 Kg of road dust to provide 1.5 mg Cd from the d i r e c t p h y s i c a l 
m o b i l i s a t i o n of the <125 um f r a c t i o n . However, only 0.16 Kg of road 
dust was washed o f f i n the road runoff of storm 6B. Even t a k i n g the 
f i n e r métal enriched f r a c t i o n s (<63 um) of road dusts i n t o account, 
2.3 Kg of road dusts must be m o b i l i s e d t a account f o r 0.6 mg of Cd and 
t h e r e f o r e t h i s process can be considered t o be r e l a t i v e l y unimportant. 
However, a chemical s o l u b i l i s a t i o n process does provide a p o s s i b l e 
e x p l a n a t i o n . A n a l y s i s of road dust p a r t i c l e s f i n e r than 1000 um shows 
that they provide a r e a d i l y r e l e a s e d source of Bxchangeable Cd (Figure 
6.1) which can be d i s s o l v e d and washed o f f by the a c i d i c r a i n f a l l . 
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Figure 6 . i Cadmium S p e c i a t i o n i n Size Fracticmated Road Dusts. 
Exchangeable metal released by the s o l u b i l i s a t i o n process can account 
for a i l the Cd and Cu i n road runoff. However, only between 15.47, and 
40.3% of Pb i s released from the Exchangeable f r a c t i o n to road r u n o f f . 
Lead may be more s t r o n g l y sédiment a s s o c i a t e d i n the Exchangeable 
f r a c t i o n than e i t h e r Cd or Cu and ther e f o r e the prolongea a c i a r a i n 
washing of storm 6B was required t o reléase 40.3% of the a v a i i a b l e Pb. 
Most of the d i s s o l v e d metal released from road dusts i s présent i n the 
road runoff as Chelex Reinoveabie sp e c i e s . Therefore, during the 
t r a n s f e r of metal from the Exchangeable road dust f r a c t i o n to the 
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d i s s o l v e d phase i t remains as r e l a t i v e l y f r e e and weakly complexed 
inorga n i c / o r g a n i c s p e c i e s . 
As a great proportion of the Exchangeable road dust f r a c t i o n i s washed 
o f f , c e r t a i n l y f o r Cd, Cu and Zn, the accumulation of metals i n road 
dusts during dry periods may determine the extent of a c i d r a l n 
m o b i l i s a t i o n . Road dust and a s s o c i a t e d metal was found t o c o n t i n u a l l y 
accumulate an the road surface, Road dust accumulated at a r a t e of 0.9 
g/nP/day, g i v i n g a rate f o r the o v e r a l l catchment of 351 g/day. A 
g u l l y p o t outflow washoff range of 28.2-467.1 g was found f o r f i v e of 
the 17 storms i n the 68 day study p e r i o d . 
The r a t e of metal accumulation an the catchment i s shown i n Table 6.4. 
Table 6.4 Road Surface Dust Metal Accumulation and Removal Rates. 
Road Dust Average A v a i l a b l e G u l l y p o t Outflow 
Metal Metal/Storm Event T o t a l Metal Removal 
Accumulation mg Rate Range rag/Storm 
mg/day Event 
Zinc 53.5 214 135-477.5 
Cadmium 0. 062 0.25 0.91-3.63 
Lead 56.2 224.8 75.7-891.8 
Copper 18.7 74.8 31.8-193.9 
The t o t a l metal accumulation r a t e can be converted i n t o the average 
a v a i l a b l e metal per storm event, the average dry p e r i o d being four 
days, and t h i s can be compared with the g u l l y p o t metal outflow range 
f o r f i v e storm events. The average a v a i l a b l e metal values f o r Zn, Pb 
and Cu f a l l w i t h i n the outflow range. This suggests t h a t these metals 
are washed o f f the road surface and through the g u l l y p o t , e i t h e r at 
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the end of the dry p e r i o d or a f t e r short tenu storage l u the g u l l y p o t . 
More Cd was washed through the g u l l y p o t system than accumulated i n 
road dusts, the excess might De accounted f o r by atmospheric f a l l o u t 
during the storm event. The a c i d r a i n s o l u b i l i s a t i o n process t h e r e f o r e 
g r e a t l y increases the r a t e of metal removal from accumulated road 
dusts. 
6.2.2.2 Chemical S o r t i n g of Metal Speeles. 
Vhen road dusts are p h y s i c a l l y mobilised by r a i n f a l l there may be 
changes i n the metal spec i e s d i s t r i b u t i o n due t a chemical 
i n t e r a c t i o n s . 
This i s c l e a r l y e x h i b i t e d by a comparison of the g u l l y p o t mass 
balances f o r sedimentary Pb f r a c t i o n s during storm 6B. 24% af 
Exchangeable Pb (187.6 mg), 5.4% of Carbonate and Hydrous Metal Oxide 
Pb (56.1 mg) and 1.4% of Organic Pb (9.5 mg) are présent i n the s o l i d s 
of road runoff compared to the o r i g i n a l road dusts. C l e a r l y there i s a 
p r e f e r e n t i a l s o r t i n g of the more weakly a s s o c i a t e d metal f r a c t i o n s . 
An a n a l y s i s of road dust s p e c i a t i o n f o r Pb (Figure 6.2) shows that the 
Carbonate and Hydrous Metal Oxide f r a c t i o n i s présent i n s i g n i f l c a n t 
amounts i n the smaller s i z e f r a c t i o n s and t h e r e f o r e p r e f e r e n t i a l 
washoff alone cannot e x p l a i n the enrichment of Exchangeable Pb i n road 
runoff s o l i d s . C l e a r l y chemical changes are c r e a t i n g a t r a n s f e r of Pb 
amongst the f r a c t i o n s , both s o l i d and l i q u i d , g i v i n g an enrichment i n 
the Exchangeable f r a c t i o n . 
Chemical s o r t i n g was a l s o observed f o r Zn and Cu with s i m i l a r 
enrichments i n the more weakly a s s o c i a t e d f r a c t i o n s . However, t h i s was 
not observed f o r Cd as a c i d r a i n s o l u b i l i s a t i o n was very e f f e c t i v e at 
reducing s o l i d a s s o c i a t e d Cd loadings i n road r u n o f f . One e x p l a n a t l o n 
f o r the chemical s o r t i n g of road dust metal f r a c t i o n s may be changes 
i n pH which cause the adsorption/desorption of d i s s o l v e d metal species 
to s o l i d s u r f a c e s . 
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Figure 6.2 Lead S p e c i a t i o n i n S i z e F r a c t i o n a t e d Road Dusts. 
6.2,3 Free and Weakly Completed Metal Ion Reaction. 
When a c i d i c r a i n f a l l reaches the road surface i t i s i n i t i a l l y weakly 
buffered by road dust derived organic and inorg a n i c s a l t s , On entry to 
the g u l l y p o t the road runoff undergoes f u r t h e r b u f f e r i n g by the 
gully p o t l i q u o r which therefore i n i t i a l l y remains at the pH 
es t a b l i s h e d between storms (normally pH - 7.0). Subsequently the 
incoming road runoff reduces the pH to between 4.0 and 5.0. However, 
as a r e s u l t of the weak b u f f e r i n g at the beginning of storm events a 
Buffer Time Zone i s e s t a b l i s h e d where no drop i n g u l l y p o t pK occurs, 
despite incomins road runoff (Table 6.5). 
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Table 6,5 Free and Veakly Camplexed Métal Réaction during the 
Buf f e r Time Zone of différent Storm Events. 
Storm Buffer Time Reactive Free 
Code Zone* and Veakly 
Camplexed Metal 
6A 07.32-07.38 Cd,Pb,Cu 
6B 09.09-09.24 Cd,Pb,(Zn),(Cu) 
6C 08.42-08,53 Cd,Pb 
6E 10.43-10.46 Cd.Pb,(Cu) 
6F 12.00-12.07 Cu 
{Metal) = veak reaction 
*Keasured in the gullypot 
At the same time as hydrogen ions are buffered a s i m i l a r r e a c t i o n 
occurs f o r c e r t a i n metals (Table 6.5) with a réduction of f r e e and 
weakly complexed métal i o n s , i . e , increase af 
pKEiactroch*mu«iiy A v a i u b i * (pMe. A, ) . A c l e a r example of t h i s i s 
seen f o r p P b E . A . i n the g u l l y p o t during storm 6B (Figure 6,3). During 
the B u f f e r Time Zone pPbts.A. remains high, d e s p i t e a high t o t a l 
d i s s o l v e d Pb concentration of up to 95 ug/1. In the g u l l y p o t pPbe .A. 
lags s l i g h t l y a f t e r the i n i t i a l r a p i d decrease of pH by some 12 
minutes c r e a t i n g a longer Métal Reaction Time Zone. This extension may 
be a t t r i b u t e d t o d i s s o l v e d organic Compounds, enriched i n the s t i r r e d 
up g u l l y p o t , whlch l n h i b i t the r e l e a s e of E l e c t r o c h e m i c a l l y A v a i l a b l e 
Pb. A f u r t h e r increase of pPb E . A , l a t e r i n the storm i s r e l a t e d t o the 
d i l u t i o n - e x h a u s t i o n of d i s s o l v e d Pb, rather than complexation. 
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Figure 6.3 pPbe . A . V a r i a t i o n s as i n f l u e n c e d by the B u f f e r Time Zone. 
Ti»* in Minutes 
The i n i t i a l g u l l y p o t sample of storm 6B had only 0.01% i n an 
E l e c t r o c h e m i c a l l y A v a i l a b l e form, out of a d i s s o l v e d Pb c o n c e n t r a t i c n 
of 92.3 ug/1. Yet, f o r the same storm, 67% of Pb i n atmospheric 
f a l l o u t was i n an E l e c t r o c h e m i c a l l y A v a i l a b l e form out of a d i s s o l v e d 
Pb concentration of 13.1 ug/1. In terms of l o a d i n g s t h l s reductíon of 
E l e c t r o c h e m i c a l l y A v a i l a b l e metal between atmospheric f a l l o u t and 
g u l l y p o t outflow i s not always s i g n i f i c a n t (Table 6.6), although, i n 
some cases, i t may be up to 60%. This i s complicated by the 
s o l u b i l i s a t i c n of metáis through the g u l l y p o t s y s t e a g i v i n g r i s e to an 
increase of free and weakly complexed metal. In a d d i t i o n , only the 
f i r s t part of the storm event i s a f f e c t e d by the X e t a l Keaction Time 
Zone. However, the extent of E l e c t r o c h e m i c a l l y A v a i l a b l e metal 
reduction may f u r t h e r increase w i t h i n the in-plpe system where more 
b u f f e r i n g and more sediment m o b i l i s a t i o n may occur. 
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Table 6.6 Réduction of E l e c t r o c h e m i c a l l y A v a i l a b l e Metal i n the 
Gullypot System. 
Storm % Reduction of E l e c t r o c h e m i c a l l y A v a i l a b l e Metal between 
code Atmospheric F a l l o u t and Gullypot Outflow 
Zinc Cadmium Lead Copper 
6B 27.7 i d 38.2 (0.8) 
6C (28.2) i d i d (66.9) 
6D i d 40.8 (31.7) i d 
6E 7.1 i d 13.5 11.6 
6F 19.7 58.4 10 59.2 
id = insuffieient data 
Cl) = increase 
6,2.4 pH/Surface Area Dépendent Suspended S o l i d Metal Transport. 
Surface área dépendent uptake may be an important t r a n s p o r t mechanism 
f o r metáis through the g u l l y p o t System. This i s p a r t i c u l a r l y r e l e v a n t 
f o r f i n e sédiment as the surface área of s p h e r i c a l partióles increases 
e x p o n e n t i a l l y with decreasing p a r t i c l e diameter. As the surface i s a 
focus of important r e a c t i o n s i n v o l v i n g metáis (see S e c t i o n 2.7.2) 
small p a r t i c l e s might be expected t o exert a much greater metal 
r e a c t i o n a c t i v i t y per u n i t weight than large p a r t i c l e s . 
It has been found that at low suspended s o l i d c o ncentrations, which 
are u s u a l l y a s s o c i a t e d with low f l o w c o n d i t i o n s , small p a r t i c l e s 
c o n t a i n i n g elevated metal levéis are p r e f e r e n t i a l l y washed o f f the 
urban s u r f a c e . During higher flows lower suspended s o l i d metal 
concentrations are found, but the présence of l a r g e r p a r t i c l e s i s a l s o 
observed (Harrison and Wilson 1983). 
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Two concepts may be put forward to e x p l a i n the above f i n d i n g : 
a) Harrison and Wilson C19Ö3) proposed that the hydrodynamic s o r t i n g 
of highway dust might e x p l a i n these r e s u l t s . 
b) Surface area dependent uptake scavenges metals from the d i s s o l v e d 
phase onto r e a c t i v e surfaces such as organic complexing s i t e s or 
hydrous Fe and Mn oxides. The g r e a t e s t metal enrichment would be 
expected i n the f i n e s t s o l i d s which have the greatest u n i t surface 
area. 
A combination af thèse twa concepts i s presented i n Figure 6,4. In 
t h l s t h e o r e t i c a l s i t u a t i o n road dust s i z e s o r t l n g i s the dominant 
c o n t r o l on métal concentration above 50 mg/1 suspended s o l i d s . 
However, during low flow c o n d i t i o n s with f i n e high surface area 
p a r t i c l e s , i . e . below 50 mg/1 suspended s o l i d s , surface area dépendent 
uptake becomes important. The change over point f o r the surface area 
dépendent uptake process i s the i n t e r c e p t , H i , expressed i n mg/1 
suspended s o l i d s . Vhen R i i s zéro sédiment métal concentrations can 
only be ascribed to the hydrodynamic s o r t i n g of road dusts. As K i 
increases so too does the extent of s u r f a c e area dépendent uptake. The 
value of Ä i can therefore be r e l a t e d t o the extent of enrichment of 
métals i n suspended s o l i d s over road s u r f a c e dusts. 
Suspended S o l i d 
A s s o c i a t e d 
M e t a l MS
7
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Ki = M e t a l P r o c e s e I n t e r c e p t 
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Figure 6.4 Conceptual Representation of Processes a f f e c t i n g K e t a l 
Concentration at d i f f e r e n t Suspended S o l i d s 
Concentrations. 
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Figure 6.5 Metal S i z e D i s t r i b u t i o n on the Chalmers Parking Lot, 
17.07.84. 
The conceptual curve f o r road dust s o r t i n g (Figure 6.4) was obtained 
from the general trend oí metal concentrations i n s i z e f r a c t i o n a t e d 
road dusts on the Chalmers catchment (Figure 6.5). Metal 
concentrations c l e a r l y Increase with decreasing p a r t i c l e s i z e , Based 
on the work of E l l i s and Harrop (1984) only 5% of s o l i d s discharged t o 
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g u l l y p o t s are l e s s than 60 um (66% i s 400-3000 pm), although during 
low flow c o n d i t i o n s more f i n e s o l i d s may be présent, The f i n e s t road 
dust métal concentration (<63 pm) may th e r e f o r e give an i n d i c a t i o n of 
the highest métal concentration values expected on the road dust 
s o r t i n g curve. Therefore i f surface area dépendent métal uptake i s 
o c c u r r i n g through the g u l l y p o t system then an increase of suspended 
sédiment métal concentration over f i n e métal dust c o n c e n t r a t i o n would 
be expected. A t y p i c a l example of t h i s type of métal enrlchment i s 
shown f o r Pb i n Figure 6.6. Not only are road runoff s o l i d s métal 
enriched over road dust f i n e s , but t h e r e f o r e a l s o f u r t h e r enriched i n 
the g u l l y p o t and g u l l y p o t outflow. The enrlchment i s by up to a f a c t o r 
of 10 i n road runoff compared t o road dusts. This suggests that 
surface area dépendent métal uptake may be a continuous process 
through the g u l l y p o t system. 
As both road runoff and g u l l y p o t waters are i n c r e a s i n g l y buffered with 
respect to r a i n f a l l i t can be argued that t h i s pH gradient may 
inc r e a s e , or even be the prime cause of, surface area dépendent métal 
uptake. The praposed mechanism f o r métal t r a n s p o r t would envisage that 
during a c i d i c r a i n f a l l events c e r t a i n métal s p e c i e s are s o l u b i l i s e d 
from road surface dusts, as described i n S e c t i o n 6.2.2.1. B u f f e r l n g of 
the a c i d i t y by road s a l t s i n the road surface water raicrolayer would 
cause the hydrodynamically s o r t e d f i n e s t o take up f r e e and c e r t a i n 
weakly complexed métal i o n s p e c i e s . The amount of métal uptake w i l l 
dépend on the nature of the s o l i d s , the amount of métal a v a i l a b l e and 
the degree of b u f f e r i n g , as w e l l as p r e v a i l i n g hydrodynamic 
c o n d i t i o n s . 
The greatest métal uptake would be expected i n low i n t e n s i t y , long 
r a i n f a l l events (Table 6.7). T h i s i s because during l i g h t showers f i n e 
p a r t i c l e s only are mobilised and the runoff waters remain buffered f o r 
a longer time pe r i o d . This r e s u l t s i n a higber average métal 
con c e n t r a t i o n , p a r t i c u l a r l y f o r Cd and Pb, i n a l i g h t r a i n f a l l than i n 
a thunderstorm. However, even i n a heavy thunderstorm such as storm 
6E, métal concentrations are w e l l above the l e s s than 63 um f r a c t i o n 
of road dusts, p a r t i c u l a r l y f o r Cd, Pb and Cu. 
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Figure 6.6 Sédiment Lead Concentration through the Gully p o t System. 
To f u r t b e r i n v e s t i g a t e the e f f e c t of the pH gradient through the 
gul l y p o t system i t i s u s e f u l t o compare Mi values f o r road r u n o f f , 
gu l l y p o t and g u l l y p o t outflow (Figure 6.7). In the case of Pb i n storm 
6B the road runoff and g u l l y p o t outflow Ki values are both 44 mg/1 
suspended s o l i d s . îherefore the s l i g h t l y higher Mi value of 48 mg/l 
suspended s o l i d s f o r the g u l l y p o t has l i t t l e e f f e c t on the road runoff 
d i l u t e d outflow. However, one high métal concentration i s found i n the 
gully p o t and g u l l y p o t outflow 9000 ug/g) which i s not found i n the 
road runoff. This represents the g u l l y p o t l i q u o r suspended s o l i d s 
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mobilised e a r l y i n the storm event which, perhaps i n a misleading way, 
extrapolâtes the surface area dépendent uptake curve t o high 
concentrations, but makes no différence t a the M i values. 
Table 6.7 Average Sediment Metal Concentrations i n Gullypot Outflow 
and Fine Road Dusts. 
Average Sediment Metal Concentration ug/g 
Gullypot Outflow Road Dusts <63 um 
03.08.04 
Storm 6C Storm 6E 
<2.9 mm/8.7 hours) (9.7 mm/1 hour) 
Zinc 
Cadmium 
Lead 
Copper 
417.1 
12.4 
2092.0 
329.0 
354.5 
4.6 
1279.9 
234.9 
234.3 
0.35 
358.8 
78.2 
Cadmium has an elevated M i value i n the g u l l y p o t which i s r e f l e c t e d i n 
the g u l l y p o t outflow and i t can ther e f o r e be suggested t h a t surface 
area dépendent metal uptake may be impartant f o r Cd i n the g u l l y p o t . 
I f the process continued i n the below ground System then pH/surface 
area dépendent metal uptake may become the dominant transport 
mechanism. In the case of Cu the M i value i n the g u l l y p o t outflow 
r e f l e c t s incoming road r u n o f f , with only a minor apparent e f f e c t from 
the high M i value i n the g u l l y p o t . 
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Figure 6.7 R e l a t i o n s h i p of Suspended S o l i d Lead Concentration 
against Suspended S o l i d s , f or Road Runoff, G u l l y p o t and 
Gullypot Outflow. 
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Table 6.8 M i Values f o r Metals i n fioad Runoff, Gullypot and 
Gullypot Outflow. 
M i Values, mg/1 Suspended S o l i d s (Storm 6B) 
Road Runoff Gullypot Gullypot Outflow 
Zinc nr 40 40 
Cadmium 22 43 38 
Lead ' 44 48 44 
Copper 36 57 39 
nr - no relationship 
Although pH may be the most important parameter a f f e c t i n g surface area 
dependent metal uptake, i t I s recognised that other parameters may 
increase or decrease suspended s o l i d metal adsorption processes. 
P a r t i c u l a t e organic carbon and hydrous Fe and Mn oxides may increase 
metal adsorption and these have been f r a c t i o n a t e d using the s p e c i a t i a n 
scheme described i n Chapter 4. A decrease of redox p o t e n t i a l or an 
increase of i o n i c strength may reduce metal adso r p t i o n . 
The i n d i v i d u a l components, such as organics and hydrous metal oxides, 
i n the washoff s o l i d s may exert d i f f e r e n t uptake constants and 
c a p a c i t i e s . The a c t i v i t y of the surface w i l l a l s o depend on the metal 
species being adsorbed. Table 6.9 shows the metal f r a c t i o n s which 
e x h i b i t a pH/surface area dependent metal uptake at d i f f e r e n t stages 
i n the g u l l y p o t system. 
Those metal f r a c t i o n s which show a weak r e l a t i o n s h i p , or none at a l l , 
with suspended s o l i d s are u s u a l l y not enriched over the same metal 
f r a c t i o n i n the l e s s than 63 jum s i z e f r a c t i o n of road dusts. This 
means that the M i value i s at or c l o s e t o zero. 
-177-
Table 6.9 Surface Area Dépendent Métal Uptake f o r différent Métal 
F r a c t i o n s . 
Exchangeable Carbonate and Organic 
F r a c t i o n Hydrous Métal F r a c t i o n 
Oxide F r a c t i o n 
Zinc Road Runaff - (+) <+) 
Gullypot + <+) <+) 
Gullypot Dutflow (+) + + 
Cadmium Road Runoff + nd + 
Gullypot + nd + 
Gullypot Outflow + nd + 
Lead Road Runoff + + <+) 
Gullypot + + (+> 
Gullypot + + 
Copper Road Runoff + <+) (+) 
Gullypot + <+> <+> 
Gullypot Outflow (+) <+) (+) 
+ = significant relationship 
(+) - weak relationship 
- = no relationship 
nd = not detected 
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Figure 6.8 F.elationship of Suspended Sol i d Lead F r a c t i o n s with 
Suspended S o l i d s f o r Gullypot Outflow, Storm 6B. 
The f r a c t i o n s which show a s i g n i f i c a n t r e l a t i o n s h i p have higher metal 
concentrations than the l e s s than 63 pm íraction of road dusts. As can 
be seen i n Figure 6.8, f o r Pb f r a c t i o n s i n the g u l l y p o t outflow of 
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storm 6B, the Exchangeable f r a c t i o n has a higher M i value (54 mg/1 
suspended s o l i d s ) than the Carbonate and Hydrous Metal Oxide f r a c t i o n 
(51 mg/1 suspended s o l i d s ) as we l l as a greater metal enrichment over 
the same f r a c t i o n s i n f i n e road dust. The Exchangeable f r a c t i o n 
t h e r e f o r e provides more compétitive s i t e s f o r Pb s p e c i e s uptake than 
the Carbonate and Hydrous Metal Oxide f r a c t i o n . The Organic f r a c t i o n 
cannot be a s c r i b e d a M i , value as was a n t i c i p a t e d from Table 6.9. 
However, although nat s i g n i f i c a n t i n terms of t o t a l adsorbed Pb, some 
Organic f r a c t i o n values are higher than expected from f i n e road dust 
concentrations. Thèse déviations may be a t t r i b u t e d t o c e r t a i n s t r o n g l y 
binding organic l i g a n d s whlch are sélective f o r Pb and may not be 
présent i n a l l the washed out s o l i d s . I t i s c l e a r from Table 6.9 that 
the Exchangeable f r a c t i o n most f r e q u e n t l y shows a s i g n i f i c a n t 
r e l a t i o n s h i p which tends t o confirm that the s o l l d surface i s a c t i v e l y 
i n v o l ved i n metal uptake. Lead and Cd show the most c o n s i s t e n t uptake 
at différent stages of the g u l l y p o t system, while the uptake of Zn and 
Cd may dépend on the p h y s i c a l and chemical c h a r a c t e r i s t i c s of the 
s o l i d s présent during t r a n s p o r t . 
Table 6. 10 shows the M i values obtained f o r the différent metal 
f r a c t i o n s i n storm 6B. Zinc shows na pH/surface área dependent uptake 
i n the road r u n o f f . U s u a l l y Zn concentrations are s i m i l a r t a the l e s s 
than 63 pm f r a c t i o n of road dusts and t h e r e f o r e the Zn concentrations 
i n sédiments l e a v i n g the road surface may simply r e f l e c t hydrodynamic 
s o r t i n g . However, uptake of Zn may be o c c u r r i n g i n t o the Carbonate and 
Hydrous Metal Oxide and Organic f r a c t i o n s i n the g u l l y p o t . These 
processes are a l s o r e f l e c t e d by s i m i l a r M i values f o r the g u l l y p o t 
outflow. In terms of higher concentrations and a higher M i value the 
surface área uptake of Zn i s greatest i n t o the Carbonate and Hydrous 
Metal Oxide f r a c t i o n . 
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Table 6.10 Mi Values f o r Metal Species, Storm 6B. 
M i Values (mg/1 Suspended S o l i d s ) 
Exchangeable Carbonate and Organic 
F r a c t i o n Hydrous Metal F r a c t i o n 
Oxide F r a c t i o n 
Zinc Road runoff nr nr nr 
Gullypot nr 37 23 
Gullypot outflow nr 37 25 
Cadmium Road runoff 49 nr 39 
Gullypot 55 nr 43 
Gullypot outflow 30 nr 45 
Lead Road runoff 53 37 nr 
Gullypot 71 47 nr 
Gullypot outflow 54 51 nr 
Copper Road runoff nr 42 nr 
Gullypot 66 nr 32 
Gullypot outflow nr 41 30 
nr = no relationship 
Cadmium and Pb show the most s i g n i f i c a n t c o n c e n t r a t i o n enrichments i n 
road runoff over f i n e source road dusts. Cadmium shows uptake i n t o the 
Exchangeable and Organic f r a c t i o n s (Table 6.10). Road runoff has a 
high Mi value f o r Exchangeable Cd, with no apparent e f f e c t on the 
gu l l y p o t outflow by the higher Mi value i n the g u l l y p o t . Therefore 
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most of the uptake i n t o the Exchangeable Cd f r a c t i o n occurs on the 
road su r f a c e . Organic Cd has an increased M i value i n the g u l l y p o t i n 
a d d i t i o n t o the already high road runoff value. This i n d i c a t e s that 
surface area dépendent Cd uptake occurs i n t o the Exchangeable and 
Organic f r a c t i o n s on the road surfac e , with f u r t h e r Cd enrichment i n 
the Organic f r a c t i o n i n the g u l l y p o t . 
Lead demonstrates s i g n i f i c a n t M i values f o r the Exchangeable and 
Carbonate and Hydrous Metal Oxide f r a c t i o n s , with the greatest 
concentration enrichment i n the Exchangeable f r a c t i o n (Table 6.10). 
Although the g u l l y p o t has the highest Exchangeable Pb M i value 
(71 mg/1 suspended s o l i d s ) the g u l l y p o t outflow M i value i s dominated 
by incoming road r u n o f f . However, the g u l l y p o t does seem to give r i s e 
t o an increased M i value f o r the Carbonate and Hydrous Metal Oxide 
f r a c t i o n . This could be r e l a t e d t o the o x i d a t i o n of g u l l y p o t waters 
a l l o w i n g the ad s o r p t i o n of metáis onto f r e s h l y formed hydrous metal 
oxide s u r f a c e s . Such pracesses increase i n the more o x i d i s i n g g u l l y p o t 
outflow, g i v i n g r i s e t o a s t e a d i l y i n c r e a s i n g M i value. This may be an 
i n d i c a t i o n of redox/surface area dependent metal uptake. 
Copper shows a s i g n i f i c a n t metal enrichment i n the g u l l y p o t f o r the 
Exchangeable f r a c t i o n , but there i s no observable e f f e c t i n the 
g u l l y p o t outflow (Table 6.10). However, the g u l l y p o t outflow i s 
i n f l u e n c e d by a s l i g h t enrichment e f f e c t f o r the Organic f r a c t i o n i n 
the g u l l y p o t whereas f a r the Carbonate and Hydrous Metal Oxide 
f r a c t i o n road runoff appears to be the c o n t r o l l i n g f a c t o r . However, i n 
general the enrichments are r e l a t i v e l y small and t h e r e f o r e , i n the 
same way as Zn, hydrodynamic s o r t i n g tends t o domínate the g u l l y p o t 
outflow suspended sédiment concentrations f a r Cu. 
5.2,5 Metal Increase i n the Gullypot Liquor between Storm Bvents. 
Between storm events the g u l l y p o t sédiment and l i q u a r might be 
expected to undergo changes i n composition as a r e s u i t of b i o l o g i c a l 
and chemical r e a c t i o n s . 
-182-
a) B a c t e r i a l a c t i v i t y can give r i s e to sédiment maturation and the 
rel e a s e i n t o the water column of maturation products. Some évidence 
f o r t h i s can be obtained from parameters measured i n the g u l l y p o t 
l i q u o r (Figure 6.9). Dissolved axygen decreases to 60-807* s a t u r a t i o n 
a f t e r a storm event and then remains r e l a t i v e l y constant over the dry 
p e r i a d . C l e a r l y there i s a balance maintained between sedimentary 
oxygen consumption and d i f f u s i o n i n t o the g u l l y p o t l i q u o r from the 
atmosphère. Vhen the g u l l y p o t sédiment i s m o b i l i s e d during a storm 
event redox p o t e n t i a l and d i s s o l v e d oxygen concentrations decrease and 
ATP c o n c e n t r a t i o n increases (from 0.7 up to 4.5 ug ATP/1 during storm 
6E> which may i n d i c a t e b a c t e r i a l a c t i v i t y . 
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Figure 6.9 V a r i a t i o n of C o n t r o l l i n g Parameters during a Dry Feriod 
i n the G u l l y p o t . 
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b) Chemical r e a c t i o n s occur i n the a c l d i c l i q u o r and sédiment. Both 
c o n d u c t i v i t y and pH increase g r a d u a l l y over the dry perlod (Figure 
6.9), with pH i n c r e a s i n g r a p i d l y f o r a few hours a f t e r each storm 
event. Dissolved Ca a l s o increases g r a d u a l l y during the dry p e r l o d , 
from 1.4 to 10.6 mg/1. These increases aay be r e l a t e d t o the c o r r o s i o n 
of the cernent g u l l y p o t s t r u c t u r e r e l e a s i n g Ca and bicarbonate, 
r e s u l t i n g i n increases of c o n d u c t i v i t y and pH. Redox, d i s s o l v e d axygen 
and température d i d not show any d i s t i n c t changes i n the g u l l y p o t 
l i q u o r over the dry perlod. 
These b i o l o g i c a l and chemical r e a c t i o n s have an l n t e r e s t i n g e f f e c t an 
métal species. A f t e r a storm event the g u l l y p o t l i q u o r i s r e l a t i v e l y 
c l e a n and i t o v e r l i e s a métal r i e h sédiment. Sediment maturation and 
a c i d i c d i s s o l u t i o n may release metals i n t o the g u l l y p o t l i q u o r . 
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Figure 6.10 Dissolved Cd Increase i n the Gul l y p o t during a Dry 
Périod. 
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In general the d i s s o l v e d metal concentrations increase i n the g u l l y p o t 
l i q u o r between storms, although the pattern of increase i s o f t e n 
rather i r r e g u l a r . This i s not the case f o r t o t a l d i s s o l v e d Cd and the 
Strongly Bound s o l u b l e f r a c t i o n which increase over a pe r i o d of 11 dry 
days as shown i n Figure 6.10. The a f f i n i t y of d i s s o l v e d Cd f o r the 
Strongly Bound f r a c t i o n suggests that i t may be that the Cd i s bound 
by organic compounds released by b a c t e r i a l a c t i o n on the sediment. 
The curves show a r e l a t i v e l y r a p i d release of d i s s o l v e d Cd during the 
f i r s t few days and appear to be t a i l i n g o f f towards e q u i l i b r i u m . The 
time t o reach h a l f maximum con c e n t r a t i o n would give a c h a r a c t e r i s t i c 
parameter f o r the release of Cd under the redox, pH and Cd 
concentration c o n d i t i o n s of the g u l l y p o t sediment which was present i n 
the g u l l y p o t . As the curve i n Figure 6.10 i s asymptotic i t i s 
d i f f i c u l t t o determine the time of maximum Cd con c e n t r a t i o n with any 
p r e c i s i o n . However, as the t o t a l d i s s o l v e d Cd curve i s of a s i m i l a r 
type t o that of Michaelis-Kenton f o r enzyme k i n e t i c s , equation 6.1 may 
be a p p l i e d . 
x time 6. 1 
t * + time 
«hôte tit = tiae to reach hall naximua Cd concentration 
tiie = tue for RaxtCdloi.. 
A double r e c i p r o c a l p l o t gives a s t r a i g h t l i n e , according t o equation 
6.2, where the slope i s W/MaxCCdl, the y-axis i n t e r c e p t i s 1/MaxtCd] 
and the negative x - a x i s i n t e r c e p t i s -1/tm. 
1 = ( t ^ / MaxfCdl x time) + 1 6.2 
[Cdlo i « - Kax[CdlD* «. 
The data p o i n t s from Figure 6.10 were ther e f o r e r e - p l o t t e d , according 
t o equation 6.2, to give Figure 6.11. This gives a value f o r tus, of 
76.9 hours and MaxtCdl o i . . of 9.7 ug/1. These values can then be used 
i n equation 6.1 to c a l c u l a t e the d i s s o l v e d Cd con c e n t r a t i o n at any 
time d u r i n g the dry peri o d . 
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Figure 6. 11 Double R e c i p r o c a l P l o t A l l o w i n g P r e c i s e Determination of 
t»t and KaxCCdloi.« 
However, the p a t t e r n of d i s s o l v e d metal Increase i s complicated by the 
presence of suspended s o l i d s and a g r a d u a l l y i n c r e a s i n g pH (Figure 
6.9) and s i m i l a r r e l a t i o n s h i p s are not found f o r Cu, Pb and Zn. pH 
c o n t r o l l e d a d s o r p t i o n t o s o l i d s may e x p l a i n the s l i g h t f a l l - o f f i n 
dis s o l v e d Cd l e v e l s a f t e r 11 days (Figure 6.10) which has a l s o been 
observed f o r Pb. Copper and Zn show f l u c t u a t i n g d i s s o l v e d 
concentrations because the s t e a d i l y i n c r e a s i n g pH causes an i n c r e a s i n g 
tendency f o r metal adsorption t o suspended s o l i d s (Figure 6.12). 
Therefore the d i s s o l v e d metals released from the g u l l y p o t sediment may 
be scavenged by g u l l y p o t l i q u o r suspended s o l i d s when the pH has 
increased enough t o cause surface a d s o r p t i o n . 
For a l l four metals, t o t a l metal concentrations In the g u l l y p o t 
increase i n accordance with equation 6. 1 over the dry p e r i o d . Table 
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6.11 gives the t« and Maxtmetal] values f o r two d i f f e r e n t dry periods 
f o r t o t a l metal, 
Figure 6.12 V a r i a t i o n s of Suspended S o l i d Metal Concentrations 
between Storm Events. 
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Table 6.11 Values of t
r t
 and MaxCmetal] f o r Metals i n the Gullypot 
Liquor during Dry P e r i o d s . 
Dry Period Metal t« (hours) Max[ metal] ug/1 
16.07 to 28.07 Zinc 55.6 406.5 
Cadmium 117.6 13.0 
Lead 122.0 192.3 
Copper 61.0 454.5 
06.08 to 15.08 Zinc 1.2 79.4 
Cadmium 66.7 4.0 
Lead 27.8 120.5 
Copper 11.8 277.8 
The f i r s t dry per i o d , 16.07.84 t o 28.07.84, was preceded by three 
small r a i n f a l l events (0.1 mm, 2 mm and 0.1 mm) over the preceding 
three days. Mass balances show th a t thèse types of low volume r a i n f a l l 
events cause a net accumulation of g u l l y p o t sédiment metáis. In 
contrast the second dry p e r i o d , 06.08.84 to 15.08.84, occurred a f t e r 
three days of heavy r a i n f a l l (9.5 mm, 4.6 mm and 11.6 mm). In terms of 
heavy metal mass balances large r a i n f a l l events cause a net réduction 
of sedimentary metáis due to p h y s i c a l m o b i l i s a t i o n . The antécédent 
r a i n f a l l c o n d i t i o n s are t h e r e f o r e important i n d e c i d i n g the amount of 
metal a v a i l a b l e i n the g u l l y p o t sédiment. 
The f i r s t dry period had a greater amount of sedimentary metal 
a v a i l a b l e and t h i s l e d t o greater tu, and Maxtmetal] values than was 
found f o r the second dry pe r i o d . The amount of metal i n the g u l l y p o t 
l i q u o r t h e r e f o r e dépends on; 
a) The i n i t i a l g u l l y p o t l i q u o r metal c o n c e n t r a t i o n . 
b) The i n i t i a l sedimentary metal c o n c e n t r a t i o n . 
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c) The length of dry period u n t i l Max[ métal] i s reached. 
The shortest tw tlmes, but highest maximum concentrations were found 
f o r Zn and Cu. This may be the r e s u i t of Zn and Cu, bound to the 
surface of basai sédiment, being released t o the g u l l y p o t l i q u o r by 
a c i d d i s s o l u t i o n . Cadmium and Pb were released more s l o w l y which 
suggests that thèse metals are p r i m a r i l y r e leased i n t o the g u l l y p o t 
l i q u o r , with organic maturation products, by b a c t e r i a l a c t i v i t y on the 
g u l l y p o t sédiment. 
6.2.6 C o n t r i b u t i o n of Gullypot Liqupr and Sédiment t o Metals i n the 
Gullypot Qutnow, 
The i n t e r s t i t i a l sedimentary water of g u l l y p o t s appears t o be an 
important h i g h l y enriched source of heavy metals. A s i g n i f i c a n t l y high 
concentration of a i l four metals, p a r t i c u l a r l y a s s o c i a t e d with the 
Strongly Bound f r a c t i o n , occurred when the g u l l y p o t contents were 
disturbed by a small storm. A d d i t i o n a l l y s i g n i f i c a n t i n creases of 
d i s s o l v e d organic carbon and suspended s o l i d s were observed (Table 
6.12). 
Table 6.12 Heavy Metals and C o n t r o l l i n g Parameter Concentrations i n 
the Gullypot a f t e r Small Storm Events. 
Preceding Storm Dissolved Suspended Dis s o l v e d Metal ug/1 
Storm Volume Organic C S o l i d s , 
( l i t r e s ) mg/1 tog/1 Zinc Cadmium Lead Copper 
11.07.84 127.5 35.0 7.1 787.0 3.07 90.0 347.6 
01.08.84 1667.2 11.8 3.0 1110.8 3.1 162.0 327.8 
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The d i s s o l v e d metal concentrations observed i n the g u l l y p o t l i q u o r 
w i l l p a r t l y depend on the amount of metal which i s contained i n the 
i n t e r s t i t i a l sediment water before p h y s i c a l m o b i l i s a t i o n (see Se c t i o n 
6.2.5) and p a r t l y on the extent of i n t e r s t i t i a l sediment water 
m o b i l i s a t i o n . The d i s s o l v e d and suspended s o l i d metal species i n the 
g u l l y p o t can then be released as a r e s u l t of chemical and p h y s i c a l 
processes during a storm event. 
6.2.6. 3 C o n t r o l l i n g Parameters as I n d i c a t o r s of Metals Released from 
I n t e r s t i t i a l Vaters and Sediments. 
Gullypot i n t e r s t i t i a l sediment water m o b i l i s a t i o n Is i n d i c a t e d by 
changes of c o n t r o l l i n g parameters such as c o n d u c t i v i t y , d i s s o l v e d 
oxygen, redox p o t e n t i a l , ATP and d i s s o l v e d organic carbon. Only under 
very high flows i s a s i g n i f i c a n t amount of the g u l l y p o t sediment 
mobilised t o such an extent that i t i s removed from the g u l l y p o t . 
In l a r g e storm events the i n t e r s t i t i a l waters are d i s t u r b e d at the 
beginning of the event. During t h i s p h y s i c a l m o b i l i s a t i o n process 
c o n d u c t i v i t y i ncreases, due to the r e l e a s e of sediment a s s o c i a t e d 
s a l t s , while d i s s o l v e d oxygen decreases, due t o oxygen u t i l i s a t i o n by 
b a c t e r i a . Furthermore d i s s o l v e d organic carbon i n c r e a s e s , up t o 
41 mg/1 i n storm 6B and t h i s i s due to a great extent to the formation 
of sedimentary maturation products. 
The increase of c o n d u c t i v i t y due to i n t e r s t i t i a l water m o b i l i s a t i o n i s 
r a p i d and the r e l a t i v e time of occurence i n the storm event can be 
r e l a t e d t o the t o t a l storm road runoff volume (Table 6.13). Most of 
the storm events sampled had a high volume and t h e r e f o r e m o b i l i s a t i o n 
p r i m a r i l y occurred at the beginning of the storm event. Notable 
exceptions occur where a high r a i n f a l l i n t e n s i t y i s found f o r a very 
short p e r i o d , such as i n storm 6A, g i v i n g e a r l y i n t e r s t i t i a l water 
m o b i l i s a t i o n f o r a r e l a t i v e l y low t o t a l volume. However, changes i n 
c o n d u c t i v i t y could provide a s e n s i t i v e i n d i c a t o r of the time of 
m o b i l i s a t i o n of d i s s o l v e d metal enriched i n t e r s t i t i a l water during 
storm events. 
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Table 6.13 Occurence of Co n d u c t i v i t y Increase d u r i n g Storm Events of 
D i f f e r e n t Flow Volume. 
I n t e r s t i t i a l Vater Total Storm Flow Storm Events 
M o b i l i s a t i o n as Volume ( l i t r e s ) Sampled 
Indicated by 
Cond u c t i v i t y , % Time 
of Storm Duration 
<25% >2000 6B, 6D, 6E, 6F 
25-75% 1000-2000 * 6C 
>75% <1000 
* 8 Events 
* 5 Events 
' i, Events 
For a l l the storms s t u d i e d gullypDt metal species i n the Chelex 
Removeable f r a c t i o n tend t o f a l l o w c o n d u c t i v i t y , which i s due to 
i n t e r s t i t i a l sediment water m o b i l i s a t i o n . This i s i l l u s t r a t e d f o r Cu 
and Pb i n storm 6C (Figure 6.13). In a d d i t i o n , at the beginning of the 
storm event there was an i n i t i a l metal c o n c e n t r a t i o n peak which 
represents a r a p i d r e l e a s e of the most e a s i l y r e l e a s e d sediment bound 
metal due to the i n i t i a l low pH water contact. 
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Figure 6.13 Gullypat Chelex Removeable Copper and Lead Concentrations 
Conpared to C o n t r o l l i n g Parameters i n Storm 6C. 
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B i o l o g i c a l a c t i v i t y i s a l s o a s i g n i f i c a n t feature of i n t e r s t i t i a l 
water m o b i l i s a t i o n . The d i f f e r e n c e between the measured d i s s o l v e d 
oxygen concentration and the expected s a t u r a t i o n value i s termed the 
Apparent Oxygen U t i l i s a t i o n (A0U). incoming r a i n f a l l i s expected to be 
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100% Cht saturated and therefore the AOU (Figure 6.14) represents an 
instantaneous oxygen demand. 
Figure 6.14 AOU and Chelex Removeable Zinc i n the G u l l y p o t , Storm 6B. 
Ti.ne in Minutes 
The AOU therefore provides évidence of thé g u l l y p o t i n t e r s t i t i e l water 
m o b i l i s a t i o n . There may t h e r e f o r e e x l s t some r e l a t i o n s h i p between the 
AOU and d i s s o l v e d métal s p e c l e s from the i n t e r s t i t i a l water. Chelex 
Removeable metals tend t a f o l l o w the AOU p r o f i l e , as seen f o r Zn i n 
storm 6B, although a broader métal peak value i s found and the 
gu l l y p o t sédiment continues t o exert an oxygen demand a f t e r the Chelex 
Removeable Zn i s l a r g e l y exhausted ( f o r a comparison with c o n d u c t i v i t y 
and pH r e f e r forward to Figure 6.18). 
The gullypot l i q u o r and i n t e r s t i t i a l water d i s s o l v e d métal can be 
traced i n the g u l l y p o t outflow when road runoff i s a l s o roonitored, by 
superimposing the r e s p e c t i v e chemographs. Figure 6.15 shows the 
c o n t r i b u t i o n of d i s s o l v e d Pb and Cd to the g u l l y p o t outflow from the 
gu l l y p o t sédiment and l i q u o r . Thèse p r o f i l e s are t y p i c a l f o r a i l four 
metals with a f i r s t impartant washout, due to g u l l y p o t l i q u o r and 
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i n t e r s t i t i a l water, and f u r t h e r minor c o n t r i b u t i o n s l a t e r i n the storm 
from i n t e r s t i t i a l water. 
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Figure 6.15 Superimposed Chemographs showing tbe C o n t r i b u t i o n of the 
Gullypot t o Gullypot Outflow, Storm 5B. 
Time m Minutai 
The release of metals i n t o the g u l l y p o t outflow may a l s o be traced 
using d i s s o l v e d Ca loadings. Dissolved Ca can be a c i d washed frora 
sédiments i n a s l m i l a r way to métal ions. The cumulative chemographs 
are shown in. Figure 6.16, comparing the Chelex Removeable métal 
f r a c t i o n s with Ca f o r storm 6B. Calcium shows a two-step p r o f i l e whicb 
i s followed by the metals, p a r t i c u i a r l y Cu, i n d i c a t i n g that, probably 
the sa nie c o b i l t s a t i o n processes are i n opération. The f i r s t step 
represents the i n f l u x of road runoff and washout of g u l l y p o t l i q u o r , 
aithough i n terms of mass balance road runoff accounts f o r 92.3% of 
the Ca and more than 72% of each métal. The second step represents the 
a c i d washing of g u l l y p o t sédiments r e l e a s i n g a s i g n i f i c a n t amaunt af 
inorganic Chelex Recoveable métal species and s a l t s . 
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Figure 6.16 Cumulative Chemographs f o r Clielex Removeable Metals and 
Calcium, Storm 6B. 
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6.2.6.2 Gullypot Sediment Bound Métal M o b i l i s a t i o n , 
A large storm with high volume and i n t e n s i t y i s required t o mobilise 
and wash out g u l l y p o t s o l i d s . Only i n storms 6B and 6E was a 
s i g n i f i c a n t removal of g u l l y p o t s o l i d s observed. Düring storm 6E the 
concentration of suspended s o l i d s i n the g u l l y p o t reached 214-5 mg/1 
and i t i s probable, with an incoffiing flow of 4.6 1/s (close to design 
c a p a c i t y ) , that the g u l l y p o t contents were we l l mixed. Gullypot 
sédiment m o b i l i s a t i o n was not observed f o r storms ÔC, ÖD, and 6F. 
Düring thèse low flow events, with l e s s than 50 mg/1 of suspended 
s o l i d s l e a v i n g the g u l l y p o t , i n terms of mass balance there i s a net 
déposition of s o l i d s i n t o the g u l l y p o t from road r u n o f f . Therefore, 
during small storm events, the sédiment métal autflow i s l a r g e l y the 
r e s u i t of road runoff a f t e r c e r t a i n heavy s o l i d s have s e t t l e d i n ^he 
g u l l y p o t sédiment. 
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Figure 6.17 Superimposed Chemographs for Suspended S o l i d Lead and 
Cadmium, Storm 6B. 
Tiaie in Minutes 
Figure 6.17 shows the superirapased chemographs f o r suspended s o l i d 
associated Pb and Cd during storm 68 wfcich i s a high flow storm evsnt. 
Thèse a l s o r e f l e c t the chemographs for ather mcnitorec metais, In the 
case of Pb, during the f i r s t peak of Fb a s s o c i a t e d s o l i d s washcff, at 
145 minutes, the g u l l y p o t only c o n t r i b u t e s a r e l a t i v e l y small amcunt 
of Pb compared to road r u n o f f . However, a secondary g u l l y p o t sédiment 
m o b i l i s a t i o n releases a much more s i g n i f i c a n t amour-t of ?b to the 
storm sewer from the g u l l y p o t sédiment. Most of t h i s secondary Loading 
peak contains Pb i n the Exchangeable f r a c t i o n . 
-196-
Cadmium shows an e a r l y peak which may be r e l a t e d to h i g h l y enriched 
g u l l y p o t l i q u o r suspended s o l i d s l e a v i n g the g u l l y p o t . Deposition of 
road s o l i d s i n the g u l l y p o t sediment i s o c c u r r i n g at 145 minutes, 
which are l a t e r r e m o b i l i s e d and r e l e a s e d at 173 minutes when a peak 
flow of 2 1/s enters the g u l l y p o t . Hence the g u l l y p o t c o n t r i b u t i o n i s 
increased by a short term storage of road s o l i d s . However, a mass 
balance f o r storm 6B shows that o v e r a l l the g u l l y p o t c o n t r i b u t e s 0.45 
mg of s o l i d a s s o c i a t e d Cd to the t o t a l 1.0 mg l e a v i n g i n the g u l l y p o t 
outflow. 
6_^ 3 Gullypot Outflow P o l l u t a n t Loadings. 
Of the s i x storm events, whose general c h a r a c t e r i s t i c s are o u t l i n e d i n 
S e c t i o n 6.1, three storms provide enough data f o r an a n a l y s i s of metal 
species l e a v i n g the g u l l y p o t outflow, i . e . 6B, 6D and 6E, with each 
storm event p r o v i d i n g seven or more samples. 
6,3, 1 Hydrographie and C o n t r o l l i n g Parameter V a r i a t i o n s . 
The c o n t r o l l i n g parameter data c o l l e c t e d f o r each storm can be 
analysed so that the character of each storm can be i d e n t i f i e d . 
C o n d u c t i v i t y , pH, d i s s o l v e d oxygen c o n c e n t r a t i o n and redox p o t e n t i a l 
changes were continuously monitored i n the g u l l y p o t , while d i s s o l v e d 
organic carbon, d i s s o l v e d Ca, suspended s o l i d s , p a r t i c u l a t e organic 
carbon and pH were a l s o analysed f o r each sample i n the g u l l y p o t 
outflow. 
6.3.1.1 Storm 6B. 
This was a l a r g e volume (6932 l i t r e s ) storm of 5.8 hours d u r a t i o n 
which was c h a r a c t e r i s e d by a long e a r l y f l u s h of 1& hours when the 
road runoff and i n i t i a l g u l l y p o t l i q u o r p o l l u t a n t s were to a great 
extent removed through the outflow. For d i s s o l v e d p o l l u t a n t s t h i s i s 
i n d i c a t e d by continuous pH measurements (Figure 6.16) which have 
f a l l e n t o c l o s e to t y p i c a l r a i n f a l l l e v e l s a f t e r 1% hours ( r a i n f a l l pH 
of t h i s event = 4.1). This shows that d i s s o l v e d b u f f e r i n g agents have 
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become depleted a f t e r lié hours. Redox p o t e n t i a l decrease, d i s s o l v e d 
oxygen depression and an increase of c o n d u c t i v i t y suggest that during 
the f i r s t two hours the i n t e r s t i t i a l sediment 'waters are mob i l i s e d and 
mixed with outflowing g u l l y p o t water. 
CHALMERS CULLYPOT 13 JULY 1884 
Figure 6. IS V a r i a t i o n s of C o n t r o l l i n g Parameters, Storm 6E. Time i n 
Minutes Commencing 09.00. 
A f t e r two hours the r a i n f a l l i n t e n s i t y increased and during the 
r e s u l t i n g high flow, which reached 2 1/s, the g u l l y p o t s o l i d s were 
mobilised (Figure 6.19) r e s u l t i n g i n a large discharge of s o l i d s . The 
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associated drop i n redox p o t e n t i a l suggests that f u r t h e r i n t e r s t i t i a l 
water was mobilised as w e l l (Figure 6.18). The loading p a t t e r n f o r 
p a r t i c u l a t e organic carbon f o l l o w s the same trend as suspended s o l i d s 
(Figure 6.19). However, i n the e a r l y and l a t e r stages of the storm, 
incoming road runoff s o l i d s (14-27% p a r t i c u l a t e organic carbon 
composition) and g u l l y p o t l i q u o r s o l i d s (21% p a r t i c u l a t e organic 
carbon composition) e n r i c h the chemograph f o r p a r t i c u l a t e organic 
carbon. During the m o b i l i s a t i o n of the organic d e f i c i e n t basal 
sediments (7% p a r t i c u l a t e organic carbon composition) between 130 and 
190 minutes, the p a r t i c u l a t e organic carbon storm p r o f i l e i s lowered 
compared to suspended s o l i d s (Figure 6.19). 
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Figure 6.19 Parameter Loadings, Storm 6E. 
Dissolved organic carbon i s predominantly washed out i n the f i r s t low 
flow stage of the storm (Figures 6.18 and 6.19), with a s i m i l a r 
p r o f i l e f o r d i s s o l v e d Ca (not shown). The f i r s t d i s s o l v e d organic 
carbon peak i s a combination of the washout of d i s s o l v e d organic 
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carbon i n road runoff, g u l l y p o t l i q u o r and sediment i n t e r s t i t i a l 
water. The f u r t h e r washout at 173 minutes i s s o l e l y d e r i v e d from a 
road runoff c o n t r i b u t i o n . 
feU, 1.2 Stora 6D, 
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Figure 6.10 V a r i a t i o n s of C o n t r o l l i n g Parameters, Storm SD. Time 
Minutes Commencing 07.00. 
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i h i s was a low i n t e n s i t y storm of j u s t over three hours d u r a t i o n and a 
road washoff volume of 2155 ü t r e s , The road runoff flow i n c r s a s e s 
slowly over the f l r s t two hours and then decreases r a p i d l y a f t e r the 
peak of 0,45 1/s (Figure 6.20). The g u l l y p o t Sediment was not 
s i g n i f i c a n t l y m o b ü i s e d by t h l s storm event and t h e r e f o r e suspended 
s o l i d loadings were dominated by road runoff. However, the Sediment 
i n t e r s t i t i a l water l s released i n t o the g u l l y p o t as i n d i c a t e d by the 
d i s s o l v e d oxygea depression and increase i n c o n d u c t i v i t y (Figure 
6.20). 
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Figure 6.21 Parameter Loadings, Storm 6D. 
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The suspended s o i i d s peak loading i n the outflow precedes peak flow 
(Figure 6.21) althougb the road runoff i s c h a r a c t e r i s e d by a d i s t i n c t 
s o i i d s " f l r s t f l u s h " . It may be that the g u l l y p o t i s a c t i n g as a 
temporary d e t e n t i o n basin for these road s o i i d s before r e l e a s i n g them 
immediately, under s l i g h t i y higher flow c o n d i t i o a s , on the r i s i n g limb 
of the hydrograph. 
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D i s s o l v e d organic carbon i s released from the g u l l y p o t as a prolonged 
" f i r s t f l u s h " , r epresenting a release of d i s s o l v e d organic carbon from 
road r u n o f f , g u l l y p o t l i q u o r and sediment i n t e r s t i t i a l waters. 
Dissolved Ca shows a more defined " f i r s t f l u s h " , although o r i g i n a t i n g 
from, the same sources, than d i s s o l v e d organic carbon. This was 
c o n s i s t e n t l y observed i n a l l the storms s t u d i e d and suggests that Ca 
i s r e a d i l y d i s s o l v e d and i n e r t t o chemical changes through the 
g u l l y p o t system. However, d i s s o l v e d organic carbon may undergo 
continued sediment/water i n t e r a c t i o n s , such as a slaw release of 
organics from g u l l y p o t sediment. 
6.3,1.3 Storm 6E. CHALMERS CULLYPOT 15 AUGUST 1984 
Figure 5.22 V a r i a t i o n s of C o n t r o l l i n g Parameters, Storm 6E. Tine i n 
Minutes Commencing 10.00. 
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Storm 6E was a heavy thunderstorm of 134 hours d u r a t i o n . The incoming 
flow t o the g u l l y p o t reached a value of 4.6 1/s which i s close to the 
design c a p a c i t y (Figure 6.22). The c o n t r o l l i n g parameters i n the 
gull y p o t ; c o n d u c t i v i t y , pH, d i s s o l v e d oxygen and redox p o t e n t i a l , 
suggest that the gu l l y p o t l i q u o r and i n t e r s t i t i a l water are washed out 
a f t e r 5-10 minutes. This i s Ch a r a c t e r i s e d by a sharp inverse d e f i c i t 
peak f o r d i s s o l v e d oxygen. 
Suspended Solids 
g/Min ( ) 
Dissolved Orgattic 
Carbon g/ala t* > 
2.5 1 50 
1.5 
0.5 
0 
30 
10 
0 
40 
Dissolved C* g/ain ( ) 
0.7 
ao 120 
T I X 2 
0.5 
0.3 
0. 1 
0 
Figure 6.23 Parameter Loadings, Storm 6E. 
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Figure 6.23 shows that both d i s s o l v e d and suspended s o l i d components 
are r a p i d l y washed out of the g u l l y p o t with " f i r s t f l u s h e s " f o r 
suspended s o l i d s , as we l l as d i s s o l v e d Ca, on the r i s i n g l i n b of the 
hydrograph. P a r t i c u l a t e organic carbon (not shown) has a s i m i l a r 
p r o f i l e to suspended s o l i d s , but the percentage of s o l i d s as organic 
carbon i n the g u l l y p o t (1.1-8.2%) i s lower than i n the g u l l y p o t 
outflow (5.4-11.8%). This suggests that e i t h e r h i g h l y organic road 
runoff s o l i d s overtop the g u l l y p o t during such a high i n t e n s i t y storm, 
or more probably that the dynamic n i x i n g of the g u l l y p o t by the high 
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energy incoming water s t i r s up the basal sédiments, of which only the 
l i g h t e r more organic p a r t i c l e s are discharged through the outflow. 
D i s s o l v e d organic carbon again shows a différent p r o f i l e w ith a peak 
f o l l o w i n g maximum flow (Figure 6.23). At t h i s point the g u l l y p o t basal 
sédiment seems to have been completely mixed (to give 2145 mg/1 
suspended s a l i d s ) and the d i s s o l v e d organic carbon peak may be due ta 
the mechanical washing of organic Compounds from the suspended basal 
sédiment. 
A second peak f o r a l l c a n s t i t u e n t s i s faund on the r i s i n g limb of a 
second intense shower of up to 1.6 1/s (Figure 6.22). Hawever, there 
i s obviously a d i l u t i o n - e x h a u s t i o n of C o n t r o l l i n g parameters a f t e r the 
f i r s t event. 
6.3.2 Loading V a r i a t i o n s f o r Metals and Metal Speeles. 
Not only w i l l g u l l y p o t outflow metal spec i e s l o a d i n g v a r i a t i o n s be 
considered i n t h i s s e c t i o n , but wherever p o s s i b l e the o r i g i n of 
important metal species peaks w i l l be determined by coraparing road 
runoff and outflow hydrographs. In some cases metal s p e c i e s f o l l o w the 
hydrographs and C o n t r o l l i n g parameters discussed i n S e c t i o n 6.3.1, but 
déviations can o f t e n be explained i n terms of the p h y s i c a l and 
chemical processes discussed i n 6.2. A notable example i s that of 
d i s s o l v e d metals which u s u a l l y f o l l o w the " f i r s t f l u s h " p a t t e r n 
observed f o r d i s s o l v e d organic carbon. However, d i s s o l v e d metals a l s o 
f r e q u e n t l y show f u r t h e r and sometimes even g r e a t e r , secondary loading 
peaks which are not observed f o r d i s s o l v e d organic carbon. This can be 
a t t r i b u t e d t o the a c i d r a i n washing of road s u r f a c e , as w e l l as 
g u l l y p o t , sédiments which r e l e a s e s d i s s o l v e d metals, but not d i s s o l v e d 
organic carbon. I t should be noted i n subséquent s e c t i o n s that the 
E l e c t r o c h e m i c a l l y A v a i l a b l e and Chelex Removeable f r a c t i o n s u s u a l l y 
peak tDgether and cannot be separated i n terms of différent o r i g i n s 
and processes. 
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Figure 6.24 Loadiag V a r i a t l o n s of Suspended S o l i d Cadmium Species i n 
Road Runoff and Gullypot Outflow. 
Tiae.in Minutas 
To i l l u s t r a t e the approach used to determine the a r i g i n of dominant 
metal species the loading v a r i a t l o n s of suspended s o l i d Cd s p e c i e s i n 
storm 6B are considered (Figure 6.24). The road runoff e n t e r i n g the 
g u l l y p o t mostly c o n t a i n s the Organie f r a c t i o n during the e a r l y and 
middle stages of the storm event. The Cd peak i n g u l l y p o t outílow at 
145 minutes can be a t t r i b u t e d to road runoff (Figure 6.24 (a) and íc)). 
The g u l l y p o t c o n t r i b u t e s s i g n i f i c a n t loadings of suspended s o l i d Cd 
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throughout storm 6B. In the e a r l y stages of the storm the g u l l y p o t 
liquor dominâtes the g u l l y p o t outflow which mostly c o n t a i n s Organic Cd 
(Figure 6.24(a) and (c>). The peak at 173 minutes i s due ta the 
m o b i l i s a t i o n of g u l l y p o t sédiments and i s l a r g e l y Exchangeable i n 
character. 
6,3.2, l Dissolved Zinc F r a c t i o n s . 
Dissolved Zn p r o f i l e s f o r the g u l l y p o t outflow are dominated by Chelex 
Removeable metal. 
For storm 6B (Figure 6.19 and Figure 6.25(a)>
(
 the Chelex Removeable 
p r o f i l e f o l l o w s d i s s o l v e d organic carbón, with the same " f i r s t f l u s h " 
peak representing the e a r l y washing of road surface sédiments, 
g u l l y p o t l i q u o r and i n t e r s t i t i a l sédiment water. Twa l a t e peaks are 
found which correspond to flow peaks and can be r e l a t e d t o the a c i d 
washing of road and g u l l y p o t sédiment r e s u l t i n g i n the reléase of 
d i s s o l v e d Zn. 
In storm 6D (Figure 6.20 and Figure 6.25(b)), S t r o n g l y Bound Zn makes 
a s i g n i f i c a n t a d d i t i o n to the e a r l y part of the chemograph; the r e s t 
of the p r o f i l e being dominated by Chelex Removeable Zn. The e a r l y 
Strongly Bound Zn loading i s from the g u l l y p o t l i q u o r which o f t e n 
contains a s i g n i f i c a n t amount of Strongly Bound Zn. 
Düring storm 6E (Figure 6.22 and Figure 6.25(c)), the Chelex 
Removeable Zn i s discharged as a broad " f i r s t f l u s h " In a s i m i l a r way 
ta d i s s o l v e d organic carbón. The s i g n i f i c a n t secondary Chelex 
Removeable Zn peaks l a g behind the other Controlling parameters and 
may be due to the f u r t h e r a c i d r a i n washing of road and g u l l y p o t 
sédiments. 
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Figure 6.25 Dissolved Zinc Leading V a r i a t i o n s f o r Gullypot Outflow. 
6-3,2, Z—Dissolved Caáaius F r a c t i o n s . 
The d i s s o l v e d Cd p r o f i l e s are dominated by Chele:; Removeable s p e c i e s , 
but inputs of the Strongly Bound f r a c t i o n are a us e f u l i n d i c a t o r of 
g u l l y p o t l i q u o r and i n t e r s t i t i a l sediment water l e a v i n g the g u l l y p o t . 
In a d d i t i o n there i s evidence of a c i d r a i n m o b i l i s a t i o n <sae Sec t i o n 
-207-
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Figure 6.25 Dis s o l v e d Cadmium Loading V a r i a t i o n s f a r Gullypot 
Outflow. 
Time ir, Minutes 
For storm 6B (Figure 6.19 and Figure 6.26(a)) Chelex Removeable Cd 
dominâtes the storm chenograph, except at the very beginning of the 
storm (10-50 minutes) where the Strongly Bound f r a c t i o n c o n t r i b u t e s up 
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to 70% of the g u l l y p o t outflowing d i s s o l v e d Cd. This i s due to Cd 
complexation by organic Compounds o r i g i n a t i n g from the g u l l y p o t l i q u o r 
and g u l l y p o t i n t e r s t i t i a l sédiment water, as w e l l as the road sur f a c e . 
The f i r s t Chelex Removeable g u l l y p o t outflow Cd peak (Figure 6.26(a)) 
f o l l o w s d i s s o l v e d organic carbón washout (Figure 6.19). The 
superlmposed road runoff Chelex Removeable Cd shows th a t road runoff 
i s an important source of Chelex Removeable Cd, probably due to a c i d 
r a i n m o b i l i s a t i o n . However, g u l l y p o t l i q u o r and i n t e r s t i t i a l sédiment 
water c o n t r i b u t e s the excess Chelex Removeable Cd. A c i d r a i n 
m o b i l i s a t i o n (see Sec t i o n 6.2.2.1) of sedimentary bound Cd and 
t r a n s p o r t a t i o n as Chelex Removeable Cd produces the l a t e peaks found 
i n storm 6B, which are not found f o r d i s s o l v e d organic carbón. The 
g u l l y p o t outflow peak at 173 minutes can be a t t r i b u t e d t o the a c i d 
washing of suspended and basai g u l l y p o t sédiments; the g u l l y p o t basai 
sédiments are being mobilised at t h i s point (Figure 6.19) and 
therefore can r e a d i l y c o n t r i b u t e a c i d r a i n s o l u b i l i s e d Cd. The peaks 
at 145 and 197 minutes, as seen by the road runoff peak, are mainly 
due t o the a c i d washing of road sédiments. 
In storm 6D (Figure 6.20 and Figure 6.26(b)) Chelex Removeable Cd 
again tends t o domínate the d i s s o l v e d metal p r o f i l e . The low p r o f i l e 
of t h i s storm (Figure 6,19) c o n t r i b u t e s t o a prolongea " f i r s t f l u s h " 
of d i s s o l v e d c o n s t i t u e n t s . Correspondingly the same prolonged " f i r s t 
f l u s h " i s a l s o seen f o r d i s s o l v e d Cd. The s i g n i f i c a n t c o n t r i b u t i o n of 
Strongly Bound Cd to t h i s e a r l y part of the storm shows that the 
g u l l y p o t l i q u o r and i n t e r s t i t i a l sédiment water are important 
c o n t r i b u t o r s of d i s s o l v e d Cd. Düring the r e s t of the storm the p r o f i l e 
i s dominated by Chelex Removeable Cd, suggesting that a c i d r a i n 
m o b i l i s a t i o n by d i s s o l u t i o n of Cd from road and g u l l y p o t sédiments i s 
most impartant. 
The importance of the Strongly Bound f r a c t i o n during e a r l y discharge 
was a l s o seen i n storm 5E (Figure 6.26(c)). Therefore, even i n intense 
events metal s p e c i e s a r i s i n g from the g u l l y p o t l i q u o r and i n t e r s t i t i a l 
sédiment water are observable i n the outflow chemographs. Despite the 
obvious d i l u t i o n - e x h a u s t i o n of C o n t r o l l i n g parameters f o r the second 
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thunderstorm flow peak (Figure 6.23) a l a r g e r Chelex Removeable Cd 
peak i s observed at t h i s stage. Düring the f i r s t part of the storm the 
pH f e i l from 6.9 to 5.5, however during the second stage of the storm 
the pH f e i l to around pH 5.0. Therefore the a c i d washing of sédiments 
to remove Chelex Removeable Cd increased i n the second part of the 
storm and there i s c l e a r l y more Cd a v a i l a b l e f o r a c i d m o b i l i s a t i o n 
than f o r e a r l y storm s D l u b i l i s a t i o n at near n e u t r a l pH values. 
6.3.2.3 Dis s o l v e d Lead F r a c t i o n s . 
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Figure 6.27 Dissolved Lead Loading V a r i a t i o n s f o r Gullypot Outflow, 
Tiste m Minutes 
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Dissolved Pb p r o f i l e s are s i m i l a r t o d i s s o l v e d Cd i n being dominated 
by Chelex Removeable spe c i e s . A c i d r a i n m o b i l i s a t i o n i s a l s o an 
important pracess throughaut storm events f o r the d i s s o l v e d form of 
t h i s metal. 
Storm 6B (Figure 6.19 and Figure 6.27(a)) shows a f i r s t d i s s o l v e d Pb 
peak due to the s o l u b i l i s a t i o n of Pb from road sur f a c e sédiments, as 
w e l l as from g u l l y p o t l i q u o r and i n t e r s t i t i a l sédiment water. Only a 
small proportion of the Pb i s i n the Strongly Bound form at the 
beginning of the storm. Secondary peaks can be a t t r i b u t e d t o the a c i d 
washing of sédiments, p a r t i c u l a r l y tnose on the road s u r f a c e , y i e l d i n g 
s i g n i f i c a n t loadings of Chelex Removeable Pb. Most of the Strongly 
Bound metal i s r e l e a s e d l a t e i n the storm event. A l a t e peak i s a l s o 
seen f o r d i s s o l v e d organic carbón (Figure 6,19) which o r i g i n a t e s i n 
the road runoff. I t may therefore be that the a c i d washing of road 
s o l i d s r e l e a s e s Chelex Removeable Pb, a s i g n i f i c a n t p r o p o r t i o n of 
which i s complexed by s p e c i f i c organic Compounds a l s o transported i n 
the road r u n o f f . 
Most of the d i s s o l v e d Pb i n storm 6D (Figure 6.20 and Figure 6.27(b)) 
i s derived from road runoff and i s i n the Chelex Removeable f r a c t i o n . 
The loading p r o f i l e f o r t o t a l d i s s o l v e d Pb f o l l o w s d i s s o l v e d 
Controlling parameters such as d i s s o l v e d organic carbón and d i s s o l v e d 
Ca with a long " f i r s t f l u s h " washout. 
A s i m i l a r trend of d i s s o l v e d Pb washout i s seen i n storm 6E, Figure 
6.23 and Figure 6.27(c), with most of the metal i n the Chelex 
Removeable f r a c t i o n , although the Strongly Bound f r a c t i o n i s 
observable at the beginning of the storm. The second s i g n i f i c a n t peak 
which i s found, des p i t e a n o t i c e a b l e d i l u t i o n - e x h a u s t i o n of d i s s o l v e d 
organic carbón, can be r e l a t e d to the f u r t h e r a c i d washing of road and 
gull y p o t sédiments at pH 5.0 (as was discussed f o r d i s s o l v e d Cd). 
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6.3.2,4 D i s s o l v e d Popper F r a c t i o n s 
Dissolved Cu t s mostly présent i n the Chelex Renoveable f r a c t i o n , but 
the Strongly Bound f r a c t i o n i s s i g n i f i c a n t when the g u l l y p o t contents 
are m o b i l i s e d . 
' i sso 1 ved V J sg; a: 
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Figure 6.28 Dissolved Copper Laading V a r i a t i o n s f o r Gullypot Outflow. 
Tifia ir, Minutes 
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For storm 6B (Figure 6.19 and Figure 6.28(a)) Chelex Removeable Cu 
dominâtes the p r o f i l e , w ith the S t r o n g l y Bound f r a c t i o n (not shown) 
only s i g n i f i c a n t at the very beginning of the outflow. The g u l l y p o t 
l i q u o r and i n t e r s t i t i a l sédiment water are more important than road 
r u n o f f , f o r d i s s o l v e d Cu, at the commencement of storm 6B. At the 
onset of runoff the increase i n d i s s o l v e d Cu due t o sédiment 
maturation, by the process described i n 6.2.5, had reached 347.6 ug/1 
(100% as Chelex Removeable Cu). This meant that at l e a s t 14.4 mg of 
d i s s o l v e d Cu was a v a i l a b l e i n the g u l l y p o t l i q u o r , which corresponds 
to much of the différence between the road runoff and g u l l y p o t outflow 
loadings i n Figure 6.28(a). The remaining Cu i s due t o i n t e r s t i t i a l 
sédiment water m o b i l i s a t i o n . The f i n a l two d i s s o l v e d Cu peaks, 
corresponding to peak flow, are t o t a l l y due to road r u n o f f . Therefore 
the a c i d r a i n washing of sédiment t o d i s s o l v e Cu l a t e i n t h i s storm 
event i s important f o r the road sédiments, but not f o r the g u l l y p o t 
sédiments. 
Düring storm 6D (Figure 6.20 and Figure 6.28(b)) the g u l l y p o t 
c o n t r i b u t e s most of the d i s s o l v e d Cu to the outflow. Consequently 
during t h i s law flow storm the S t r o n g l y Baund Cu, probably derived 
from i n t e r s t i t i a l water m o b i l i s a t i o n , i s important u n t i l 100 minutes 
when both d i s s o l v e d organic carbón and d i s s o l v e d Cu decrease. 
Total d i s s o l v e d Cu i n storm 6E (Figure 6.23 and Fi g u r e 6.28(c)) has a 
s i m i l a r p r o f i l e t o the other d i s s o l v e d metáis f o r t h i s storm, with a 
s i g n i f i c a n t " f i r s t f l u s h " r e l a t e d t o r e a d i l y s o l u b i l i s e d Cu from road 
sédiments and d i s s o l v e d Cu from the g u l l y p o t l i q u o r and i n t e r s t i t i a l 
sédiment water. The second peak i s due to the a c i d r a i n washing of 
road and g u l l y p o t sédiments. 
6.3.2.5 Suspended S o l i d Zinc F r a c t i o n s . 
In road runoff the Exchangeable Zn f r a c t i o n i s most important f o r 
suspended s o l i d s . However, i n the g u l l y p o t outflow the Carbonate and 
Hydrous Metal Oxide f r a c t i o n dominâtes, probably due t o redox/surface 
area dépendent Zn uptake onto s o l i d s i n the g u l l y p o t . The Organic 
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f r a c t i o n ma y provide a u s e f u l i n d i c a t i o n of f i n e sédiment m o b i l i s a t i o n 
i n the g u l l y p o t . 
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Figure 6.29 Suspended S o l i d Zinc Loading V a r i a t i o n s f o r Gullypot 
Outflow. 
Ti»e in minutes 
P a r t i c u l a t e a s s o c i a t e d Zn f r a c t i o n s tend to f o l l o w suspended s o l i d 
loadings as In storm 6B (Figure 6.19 and Figure 6.29(a)). Therefore 
the two s i g n i f i c a n t peaks are r e l a t e d to the m o b i l i s a t i o n of g u l l y p o t 
s o l i d s g i v i n g a large discharge of the Carbonate and Hydrous Metal 
Oxide Zn f r a c t i o n . This metal f r a c t i o n may be formed during the 
contact of d i s t u r b e d reduced bottom sediments with incoming oxygenated 
road runoff. Under such c o n d i t i o n s F e ( I I I ) and Mn(IV) may p r e c i p i t a t e 
as the r e s p e c t i v e hydroxides, c o - p r e c i p i t a t i n g and adsorbing d i s s o l v e d 
Zn species at the same time. This suggests the a c t i o n of a 
redox/surface area dependent metal uptake mechanism (see 5.2.4). 
In storm 6D (Figure 6.20 and Figure 6.29(b)) the Carbonate and Hydrous 
Metal Oxide Zn f r a c t i o n again f o l l o w s suspended s o l i d loadings. 
However, the Organic 2n f r a c t i o n g ives r i s e to a l a t e peak f o r t o t a l 
s o l i d Zn. As t h i s f r a c t i o n was not found to be s i g n i f i c a n t i n road 
runoff s o l i d s , i t can be a t t r i b u t e d to the m o b i l i s a t i o n of f i n e 
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organic s o l i d s at the g u l l y p o t sediment/liquor i n t e r f a c e , This i s 
supported by the Increase of p a r t i c u l a t e organic carbon from 1.4%, at 
the beginning of the storm event, up to the 10.7% found at the Organic 
Zn f r a c t i o n peak. 
6.3.2.6 Suspended S o l i d Cariralinn F r a c t i o n s . 
Suspended s o l i d Cd shows a complex r e l a t i o n s h i p between the 
Exchangeable and Organic f r a c t i o n s , depending on flow and c o n t r o l l i n g 
parameter c o n d i t i o n s . The Carbonate and Hydrous Metal Oxide Cd 
f r a c t i o n was never i n detectable concentrations during the g u l l y p o t 
study. The pH/surface area dependent metal uptake mechanism <see 
Se c t i o n 6.2.4), as w e l l as p h y s i c a l s i z e s o r t i n g , seems to c o n t r o l 
whether the Exchangeable f r a c t i o n dominates over background Organic Cd 
l e v e l s , both i n road runoff and g u l l y p o t outflow. 
For storm 6B (Figure 6.19 and Figure 6.24(c); see S e c t i o n 6.3.2), the 
Organic f r a c t i o n dominates road runoff s p e c i a t i o n . T h i s agrees w i t h 
the s p e c i a t i o n p a t t e r n of road dust s o l i d s (Figure 6.1) i f the 
Exchangeable f r a c t i o n i s considered t o be s o l u b i l i s e d by a c i d r a i n 
washing (see 6.2.2.1). Gullypot l i q u o r s o l i d s a l s o produce suspended 
s o l i d Cd, mostly i n the Organic f r a c t i o n , which i s observed i n the 
g u l l y p o t outflow at the beginning of storm 6B. However, i n accord with 
a pH or redox/surface area dependent suspended s o l i d metal uptake 
mechanism, as p r e v i o u s l y described, d i s s o l v e d Cd i s adsorbed to 
mo b i l i s e d g u l l y p o t sediment during the l a t e stages of storm 6B. This 
gives r i s e t o a large r e l e a s e of Exchangeable Cd through the g u l l y p o t 
outflow during intense r a i n f a l l , i n t h i s case greater than 1.5 1/s. 
For a smaller storm such as the g u l l y p o t outflow of storm 6D (Figure 
6.20 and Figure 6.30) Organic Cd dominates the p r o f i l e , suggesting 
that the g u l l y p o t c o n t r o l s the outflow s o l i d Cd s p e c i e s . The secondary 
peak corresponds to peak flow and may be due t o incoming road r u n o f f . 
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In stcrm 6E the f i r s t part of the storm i s dominated by Organic Cd 
(Figure 6.31) which suggests that the road runoff dominâtes the 
gullypot. outflaw f a r suspended s o l i d Cd. The second peak i s 
i n s i g n i f i c a n t and contains a higher proportion of Exchangeable Cd. 
Ccnsidering the évidence from storm 6Ü t h i s would suggest that 
mobilised g u l l y p o t sédiment has increased i n importance, campared t a 
road r u n o f f , i n the l a t e stage of the storm event. 
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Figure 6.31 Suspended S o l i d Cadmium Loading V a r i a t i o n s f or Storm ÔE. 
T ; r.ie m ïïifruUs 
-216-
6.3.2.7 Suspended S o l i d Lead F r a c t i o n s 
The Exchangeable f r a c t i o n dominates g u l l y p o t outflow loadings of 
suspended s o l i d Pb. However, at the beginning of storm events the 
Carbonate and Hydrous Metal Oxide Pb f r a c t i o n may become s i g n i f i c a n t , 
probably due to the o x i d a t i o n of reduced i n t e r s t i t i a l waters. 
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Figure 6.32 Suspended S o l i d Lead F r a c t i o n s Loading V a r i a t i o n s f o r 
Stor-a 6B. 
Tirita in Minutés 
For Storni 5B the suspended s o l i d f r a c t i o n s are shown sep a r a t e l y i n 
Figure 6.32(a)-(c). A i l tnree show s i m i l a r l o a d ing p r o f i l e s to 
suspended s o l i d s (Figure 6.19) although with différent o r i g i n s and 
processes a f f e c t i n g the métal f r a c t i o n s , The Exchangeable Pb f r a c t i o n 
(Figure 6.32 (a)) dominâtes over the other f r a c t i o n s thrcugh most of 
the storm and i s , f o r the f i r s t p a l l u t a n t peak, derived from road 
runoff. The second main peak however i s due to mobilised g u l l y p o t 
basai sédiment (Figure 6,32(b)), as discussed i n S e c t i o n 6.3,1.1, and 
i s s i m i l a r to the Cd p r o f i l e (Figure 6.24). In the same way as f o r 
Exchangeable Cd i t i s suspected that a redox/surface area dépendent 
s o l i d uptake of d i s s o l v e d Pb i s responsible f o r t h i s peak af g u l l y p o t 
autflaw métal. To support t h i s process the Carbonate and Hydrous Ke t a l 
Oxide f r a c t i o n increases over road runoff i n the outflow (Figure 
6.32(b)) which may suggest t h a t the redox change créâtes new hydrous 
Fe and Xn axides i n the g u l l y p o t which can take up d i s s o l v e d Pb. 
Organic Pb (Figure 6.32(c)) i s c o n t r i b u t e d by bath road runoff and the 
g u l l y p o t f o r the f i r s t major peak, but only from the g u l l y p o t f o r the 
second peak. 
Figure 6.33 Suspended S o l i d Lead Loading V a r i a t i o n s f o r Storm 6D. 
Time m Minutes 
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During the low flow storm <6D), Exchangeable Pb dominâtes the loading 
p r o f i l e i n the g u l l y p o t outflow (Figure 6.33). The f i r s t s e c t i o n of 
the p r o f i l e contains a lar g e amount of Carbonate and Hydrous Métal 
Oxide Pb v/hich may r e s u i t from the f r e s h c o - p r e c i p i t a t i o n of Hydrous 
Fe and Mn oxides i n the g u l l y p o t l i q u o r . The F e ( I I I ) and Mn(ÏV) 
o r i g i n a t e from mobilised i n t e r s t i t i a i sédiment water. A secondary peak 
i s a l s o observed which corresponds t o an input of s o l i d s enriched i n 
Exchangeable Pb from the road su r f a c e . 
6.3.2. 8 Suspended S o l l d Copper f r a c t i o n s . 
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Figure 6.34 Suspended S o l i d Copper Loading V a r i a t i o n s i n Gullypot 
Outflow. 
Time iîi Minutes 
Suspended S o l i d Cu tends to show a more even d i s t r i b u t i o n over the 
three s o l i d f r a c t i o n s than the other metals, although the Carbonate 
and Hydrous Metal Oxide f r a c t i o n u s u a l l y dominates. 
The outflow of p a r t i c u l a t e a s s o c i a t e d Cu f o r storm 6B (Figure 6.19 and 
Figure 6.34(a)) c l o s e l y f o l l o w s suspended s o l i d s loadings except f o r a 
f i n a l peak. This f i n a l peak i s derived from the g u l l y p o t and i s due to 
a f i n a l f l u s h of f i n e Cu enriched p a r t i c l e s from the g u l l y p o t . Road 
runoff i s most important at the beginning of the storm event, but f a r 
the second major peak, due to the m o b i l i s a t i o n of g u l l y p o t s o l i d s , the 
g u l l y p o t c o n t r i b u t e s most of the suspended s o l i d Cu. In a s i m i l a r way 
to Zn the Carbonate and Hydrous Metal Oxide f r a c t i o n i s most important 
f o r the g u l l y p o t m o b i l i s a t i o n peak, suggesting redox/surface area 
dependent s o l i d Cu uptake f o r the basal sediments. 
During storm 6D (Figure 6.20 and Figure 6.34(b)) most of the p r o f i l e 
i s due to the Carbonate and Hydrous Metal Oxide f r a c t i o n f o l l o w i n g 
suspended s o l i d l o a d i n g s . However, a l a t e Exchangeable Cu peak i s 
observed which may be r e l a t e d to the higher loadings of Cu coming i n 
from road r u n o f f . 
Storm 6E (Figure 6.23 and Figure 6.34(c)) shows a s i g n i f i c a n t 
d i l u t i o n - e x h a u s t i o n e f f e c t f o r suspended s o l i d Cu, w i t h a n e g l i g i b l e 
amount mobilised during the second stage of the event. 
6.3.3 Metal Species R e s u l t i n g from D i f f e r e n t Sources and Processes i n 
the Gullypot System. 
The major metal speci e s associated with the d i s s o l v e d and suspended 
s o l i d phases, as a d i r e c t r e s u l t of d i f f e r e n t sources and processes, 
i n the g u l l y p o t system are summarised i n Table 6.14, I n d i v i d u a l metal 
species , a l l o w i n g f o r i n - p i p e s p e c i a t i o n changes, could be used to 
t e n t a t i v e l y f i n g e r p r i n t the m o b i l i s a t i o n of d i f f e r e n t p a r t s of the 
stormwater system, although i n some cases a p a r t i c u l a r metal f r a c t i o n 
may be derived from s e v e r a l sources. I t should be s t r e s s e d t h a t t h i s 
approach would be most e f f e c t i v e at the o u t f a l l t o a s i n g l e g u l l y p o t 
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and i s i n c r e a s i n g l y more d i f f i c u l t t o apply thraugh the stormwater 
system, This i s mainly the r e s u i t of différent c o n t r i b u t i o n s and i n -
pipe processes. 
Table 6.14 Métal Speeles i n Gullypot Outflow Related t o P o s s i b l e 
Source Inputs. 
Road Runoff Gullypot 
Liquor I n t e r s t i t i a l 
Sediment Vater 
Cinferred) 
Basal 
Sediment 
(i n f e r r e d ) 
Zinc Diss Chel. Rem. S t r . Bound 
Chel, Rem. 
S t r . Bound 
Chel. Rem. 
SS Exchang. Carb + Hyd 
Organic 
Carb + Hyd Exchang. 
Carb + Hyd 
Organic 
Cadmium Diss Chel. Rem. S t r . Bound 
Chel. Rem. 
S t r . Bound 
Chel. Rem. 
SS Exchang. 
Organic 
Exchang. 
Organic 
Organic Exchang. 
Lead Diss Chel. Rem. S t r . Bound 
Chel. Rem. 
S t r . Bound 
Chel. Rem. 
SS Exchang. Exchang. 
Carb + Hyd 
Carb + Hyd Exchang. 
Copper Diss Chel. Rem. S t r . Bound 
Chel. Rem. 
S t r . Bound 
SS Exchang. 
Carb + Hyd 
Organic 
Exchang. 
Carb + Hyd 
Organic 
Carb + Hyd Carb + Hyd 
Chel.Rea - Chelex Reioveable, Str, Bound = Strongly Bound 
Exchang, = Exchangeable, Carb + Hyd * Carbonate +• Hydrous Metal Oxide 
SS = suspended solids, Diss = dissolved 
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On the parking l o t catchment s t u d i e d , the d i s s o l v e d phase road runoff 
f o r a i l four metals was c l e a r l y dominated by the Chelex Remaveable 
f r a c t i o n . This r e f l e c t s the Importance of a c i d r a i n m o b i l i s a t i o n i n 
r e l e a s i n g metals from road dusts (see S e c t i o n 6.2.2.1) and thus 
i n c r e a s i n g road runoff métal l e v e l s . Some of the d i s s o l v e d metals are 
i n i t i a l l y complexed by organic compounds g i v i n g Strongly Bound métal 
(see Section 6.2.3) i n the road surface r u n o f f , but the Chelex 
Removeable f r a c t i o n i s considerably more s i g n i f i c a n t . The major 
S t r o n g l y Bound f r a c t i o n , f o r a i l four metals, i s produced as a r e s u i t 
of mobilised g u l l y p o t l i q u o r and i n t e r s t i t i a l sédiment water. 
The Exchangeable f r a c t i o n i s impartant f o r a i l four suspended s o l i d 
a s s o c i a t e d metals i n road runoff (Table 6.14). Although t h i s t o some 
extent r e f l e c t s the s p e c i a t i o n of f i n e road dust a s s o c i a t e d metals, a 
pH/surface area dépendent suspended s o l i d métal uptake mechanism (see 
S e c t i o n 6.2.4) increases the Exchangeable métal l e v e l s i n road r u n o f f . 
In the g u l l y p o t the Carbonate and Hydrous Métal Oxide f r a c t i o n , f o r 
a i l f our metals, becomes important due to the f r e s h précipitation of 
F e ( I I I ) and Mn(IV) as hydrous oxides or as a r e s u i t of the contact of 
incoming oxygenated waters w i t h reduced g u l l y p o t l i q u o r and 
i n t e r s t i t i a l sédiment water. This i s t h e r e f o r e a redox/surface area 
dépendent métal uptake process (see S e c t i o n 6.2.4). M o b i l i s e d basai 
g u l l y p o t sédiment i s dominated by the Exchangeable f r a c t i o n f o r Cd and 
Pb, and by the Carbonate and Hydrous Métal Oxide f r a c t i o n f o r Zn and 
Cu. I t may be that although hydrous Fe and Mn oxides represent f r e s h l y 
formed métal uptake s i t e s , Cd and Pb are only weakly a s s o c i a t e d t o the 
hydrous oxides and t h e r e f o r e are found to be i n the Exchangeable 
f r a c t i o n . 
Ho information as yet e x i s t s on the métal spec i e s found f o r stormwater 
i n - p i p e depasits when they are m o b i l i s e d and washed through the 
stormwater System. The same process of métal s o l u b i l i s a t i o n by 
stormwater should a f f e c t t h i s sédiment, although a c i d r a i n washing 
would be l e s s s i g n i f i c a n t due to the higher pH values found i n - p i p e 
compared to Dn the road surface (due to the b u f f e r i n g of r a i n water by 
i n - p i p e cernent d i s s o l u t i o n ) . However, thèse higher pH values should 
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lead t o an increase i n the pH/surface area dépendent s o l i d métal 
uptake process, and there f o r e higher Exchangeable métal values at the 
stormwater o u t f a l l . 
6_ui Heavy Métal Mass Flows through the Gullypot System. 
The création of a mass balance f o r a p a r t i c u l a r métal or métal 
f r a c t i o n r e q u i r e s the measurement of concentrations and c a l c u l a t i o n of 
loadings of the p a r t i c u l a r métal f o r i n d i v i d u a l storm events and f o r 
a i l parts of the g u l l y p o t System. This approach was p o s s i b l e on the 
Chalmers catchment because of the clo s e d and wel l defined nature of 
the System, miniraising unexpected métal gains or loss e s ; t h i s was the 
main problem encountered by Malmqvist (1983) when attempting t o mass 
balance métal flows through the Bergsjön catchment. The aira of 
c a r r y l n g out a mass balance on the g u l l y p o t system was to provide some 
i n s i g h t i n t o the extent of the métal m o b i l i s a t i o n processes a f f e c t i n g 
métal species, as discussed i n 6.2, as w e l l as ta consider the 
r e l a t i v e p e r s i s t e n c e of i n d i v i d u a l metals and métal sp e c i e s . 
A représentation of the g u l l y p o t system under study i s given i n Figure 
6.35, which w i l l a l s o be used t o record the mass flows of metals. 
Atmospheric f a l l o u t , road sédiments, road r u n o f f , g u l l y p o t l i q u o r and 
gul l y p o t outflow were sampled as described i n Chapter 3. I t was not 
pa s s i b l e to sample the g u l l y p o t basai sédiment, or détermine the 
amount of sédiment présent, without a f f e c t i n g the experiment. 
Therefore metals i n t h i s part of the system were determined by the 
su b t r a c t i o n of road runoff and g u l l y p o t l i q u o r l oadings from g u l l y p o t 
outflow loadings. The most comprehensive range af samples were 
c o l l e c t e d i n storm 6B and therefore the data f o r t h i s storm w i l l be 
most fr e q u e n t l y used t o demonstrate métal balances through the 
gul l y p o t system. 
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Figure 6.35 Représentation of the Gullypot System. 
6.4.1 Zinc Xass Balance. 
The mass balance f o r t o t a l Zn i s shown i n Figure 6.36 f o r storm 6B. 
The value f or road runoff i s not included as some Zn contamination i n 
the road runoff was suspected. Rubber tubing was used t o t r a n s f e r 
samples of road runoff and, although i t d i d not have any contact with 
other samples, some contamination with Zn may have r e s u l t e d . 
Polyethylene tubing was used f o r a i l other samples c o l l e c t e d . 
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Atmospheric fallout entering the catchment contributed between 18.1 
and 240. 1 mg Zn for the s torro events sampled. A value of 240. 1 mg was 
recorded in Storni 6B, which was the highest neasured loading and ma y 
be the resuit of Zn accumulation In the atmosphère over the previous 
ten dry days. However, no relatlonship was observed between dry period 
and Zn loadings in atmospheric fallout. Road dusts may also contribute 
Zn to road runoff. The available road dust loadings for Zn varied from 
518.9 mg to 2427.1 mg during the sampling period, with 2427.1 mg Zn 
available for washoff during storm 6B. 
Figure 6.36 Mass Balance for Total Zinc, Storm 6B. 
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The g u l l y p o t l i q u o r loading v a r i e d from 1.95 to 34.2 mg of Zn. Storm 
6B removed the l a r g e s t g u l l y p o t accumulation of Zn (34.2 mg) which was 
produced as a r e s u i t of métal release from the g u l l y p o t sédiment over 
a dry pe r i o d of 10 days. Lower Zn accumulations were observed i n l a t e r 
storms due to the heavy f l u s h i n g of the basai sédiment which occurred 
during storm 6B. Gullypot l i q u o r c o n t r i b u t e d between 0.7% and 7.2% of 
Zn i n outflow, with 7.2% i n storm 6B, The g u l l y p o t l i q u o r c o n t r i b u t i o n 
i s most s i g n i f i c a n t during the e a r l y stages of the storm event. A f t e r 
102 minutes of storm 6B the g u l l y p o t outflow had r e l e a s e d 185.3 mg Zn, 
whlch means tha t at that stage 18.5% of Zn i n the outflow had been 
co n t r i b u t e d by g u l l y p o t l i q u o r . 
The g u l l y p o t outflow loadings were between 135 mg and 477.5 mg f o r 
each of the storms s t u d i e d , with 477.5 mg f o r storm 6B. Road dust 
accumulation was on average 53.5 mg/day during the sampling period and 
therefare can account f o r much of the outflow métal, although 
atmospheric f a l l o u t i s a l s o an important Zn source. The outflow Zn 
loadings r e v e a l no r e l a t i o n s h i p with f l o w volume; f o r example the 
r e l a t i v e l y s mall storm 6C produced 278.2 mg Zn and the l a r g e r storm 6F 
produced only 228.7 mg Zn. This can be explained by the s o l u b i l i t y of 
Zn causing most of the r e a d i l y released Zn to be washed o f f e a r l y i n 
storm events, i n which case i t i s not storm c h a r a c t e r i s t i c s but the 
extent of Zn in p u t s that détermine Zn loadings i n g u l l y p o t outflow. 
6,4,2 Cadmium Hass Balance. 
The mass balance of Cd f o r storm 6B i s shown i n Figure 6.37. 
Atmospheric f a l l o u t (0.35 mg) i s r e l a t i v e l y small f o r t h i s storm, 
compared t o road runoff (1.58 mg). In the storm events s t u d i e d 
atmospheric f a l l o u t v a r i e d between 0.02 and 0.77 mg. The amount of Cd 
contained i n the road dusts was 2.71 mg f o r storm 6B (range f o r a i l 
storms, 0.46-2.71 mg), and t h i s was g e n e r a l l y e f f i c i e n t l y m o b i l i s e d i n 
road r u n o f f . Road runoff removed between 38% and 100% of the combined 
atmospheric f a l l o u t and road dust Cd f o r the storms s t u d i e d , which may 
be a t t r i b u t e d t o a c i d r a i n m o b i l i s a t i o n . The Chelex Removeable Cd 
f r a c t i o n i s a good i n d i c a t o r of t h i s m o b i l i s a t i o n process due to the 
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libération of free and weakly complexed Cd Speeles fron suspended 
solide by tbe action of acld roin. Indeed, a coaparison of Figures 
6.37 and 6.38 shows that, in storm 6B, 72.8% of road runoff 
transported Cd i s in tbe Chelex Removeable fraction (the average for 
the sampled period was 80.7%). Another contribution of Chelex 
Removeable Cd is obtained from the gullypot sédiment. This may be due 
to the acld washing of basai sédiment and also the resuit of the 
bacterial maturation of the same sédiment producing dissolved Cd 
Speeles. 
2.71 1 
Figure 6.37 Mass Balance for Total Cadmium, Storm 6B. 
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Figure 6.38 Hass Balance f o r Chelex Renoveable Cadmium, S t o r n 6B. 
The g u l l y p o t l i q u o r (Figure 6.37) c o n t a i n s 0.15 ng of Cd, r e p r e s e n t i n g 
4.1% of the g u l l y p o t outflow Cd during storm 6B. For a i l the storms 
stu d i e d , the g u l l y p o t l i q u o r content v a r i e d from 0.03 mg t o 0-15 ng 
Cd; a c o n t r i b u t i on of between 0.3% and 5.7% of the g u l l y p o t outflow 
Cd. At the beginning of storm events, Cd i n the g u l l y p o t can have an 
important i n f l u e n c e on the outflow composition. Figure 6.39 shows that 
during the f i r s t 102 minutes of storm 6B, 2.34 mg of Cd was r e l e a s e d 
through the outflow of whicb 6.4% was from the g u l l y p o t l i q u o r . the 
g u l l y p o t sédiment had already released i t s quota of 1.9 mg of Cd by 
t h i s time, which i s probably due t o the corresponding r e l e a s e of 
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I n t e r s t i t i a l sédiment water. However, only 18.4% of the road runoff Cd 
had been released and ther e f o r e road runoff does net show the sa me 
e a r l y f l u s h of Cd e x h i b i t e d by the g u l l y p o t . 62.8% of the Cd washed 
o f f the road i n the remainder of the storm was i n the Chelex 
Removeable f r a c t i o n which suggests that the a c i d washlng of road 
sédiments i s an important c o n t r i b u t o r to l a t e Cd loading peaks. 
Figure 6.39 Mass Balance f o r T o t a l Cadmium a f t e r 102 Minutes of Storm 
6B. 
The gull y p o t sédiment had been maturing f o r ten days p r i o r t o storm 6B 
and the organic maturation products, contained i n the i n t e r s t i t i a l 
water, had r e t a i n e d s i g n i f i c a n t q u a n t i t i e s of St r o n g l y Bound Cd 
(Figure 6.40). Atmospheric f a l l o u t and road runoff c o n t r i b u t e a 
r e l a t i v e i y i n s i g n i f i c a n t S t r o n g l y Bound Cd f r a c t i o n as most of the Cd 
i s présent i n the Chelex Removeable f r a c t i o n from the a c i d washing of 
sédiments. U s u a l l y the g u l l y p o t l i q u o r c o n t r i b u t e s more s i g n i f i c a n t l y 
t o Strongly Bound Cd outflow. However l n t h i s case the g u l l y p o t l i q u o r 
had been repîaced by road runoff one day p r e v i o u s l y by a small storm 
event (128 l i t r e s ) . During the small event 0.26 mg of St r o n g l y Bound 
Cd was washed out of the g u l l y p o t outflow from the g u l l y p o t l i q u o r . 
The c o n t r i b u t i o n of 0.57 mg of St r o n g l y bound Cd from the g u l l y p o t 
i n t e r s t i t i a l water l s obvlously the most important source f o r outflow. 
T r j t a l C a d m i u m mg 
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Figure 6.40 Kass Balance f o r Strongly Bound Cadmium, Storm 6B. 
Most of the Cd mobllised i n the g u l l y p o t System i s t h e r e f o r e i n 
d i s s o l v e d forms as a r e s u i t of g u l l y p o t sédiment maturation and the 
a c i d r a l n washing of road sédiments. The amount of Cd i n the g u l l y p o t 
outflow therefore i s not n e c e s s a r i l y r e l a t e d t o the storm s i z e . V i t h a 
range of 0 . 9 1 mg to 3.63 mg f o r the sampied storm events, storm 6B was 
not i n s i g n i f i c a n t with 3.63 mg of Cd (Figure 6.37). The accumulation 
of Cd i n road dusts between storms i s on average only 0.062 mg/day and 
therefore atmospheric f a l l o u t and even the removal of Cd from the road 
surface i t s e l f must co n t r i b u t e s i g n i f i c a n t l y t o the outflow. I t i s 
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c l e a r , though, from Figure 6.37 th a t Cd i s not a p e r s i s t e n t metal and 
i s almost coarpletely mobilised during eacb storm event. 
6.4.3 Lead Mass Balance. 
Atmospheric f a l l o u t of Pb i s important f o r storm 6B with a 
c o n t r i b u t i o n of 203.0 mg (Figure 6.41). The input l s probably the Pb 
aérosols and f i n e dusts, from v e h i c u l a r émissions, suspended i n the 
atmosphère. This Pb source i s v a r i a b l e and was i n the range 31.7-361.8 
mg Pb for the sampled storms. 
Total Lead mg 
Storm 6 B 
Figure 6.41 Mass Balance f o r T o t a l Lead, Storm 6B. 
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Exchangeable Lead mg 
Storm 6 B 
711.2 
Figure 6.42 Hass balance f o r Exchangeable Lead, Storm 6B. 
Road dusts contained a loading of between 545.8 and 2556.3 mg Pb, with 
the highest value i n storm 6B. Between 4.5% and 11.4% of the Pb 
contained In combined atmospheric f a l l o u t and road sediments are 
washed o f f i n road r u n o f f . The extent of the a c i d r a i n washing of Pb 
from sediments i s l e s s than f o r Cd with an average of only 13.2% of Pb 
i n the Chelex Removeable f r a c t i o n (8.6% f o r storm 6B). As shown f o r 
storm 6B i n Figure 6.4.2, the Exchangeable f r a c t i o n i n road runoff 
represents 22.7% of the combined atmospheric f a l l o u t and road dust 
source. The Exchangeable f r a c t i o n represents 82.2% of the t o t a l s o l i d 
-232-
Pb washed o f f , yet i s only 30.6% of the t o t a l Pb i n road dusts. This 
ma y be due to the a c t i o n of the pH/surface area dépendent suspended 
s o l l d uptake process r e s u l t l n g l n the adsorption of d l s s o l v e d Pb, 
which has been released from road sédiments, onto suspended s o l i d s . A 
s i m i l a r Exchangeable enrichment process, i n v o l v l n g both pH and redox 
changes, may a l s o r e s u i t l n the lncreased outflow l o a d i n g r e s u l t l n g 
from g u l l y p o t basai sédiment (see S e c t i o n 6.2.4). 
Total Lead mg 
Figure 6.43 Ma ss Balance f o r T o t a l Lead a f t e r 102 Minutes of Storm 
6B. 
The g u l l y p o t l i q u o r contained 5.5 mg Pb i n storm 6B (Figure 6.41) 
which represented only 0.6% of the Pb i n g u l l y p o t o u t flow. For a i l 
storm events s t u d i e d the g u l l y p o t l i q u o r produced between 0.16 and 
5.5 mg Pb, which represented between 0.17% and 2.66% of o u t f l o w Pb. 
The percentage c o n t r i b u t i o n tends to be greater i n s m a l l storms, 
although the amount of g u l l y p o t l i q u o r Pb accumulation i s a l s o 
important. During the e a r l y stages of storm 6B the g u l l y p o t l i q u o r 
c o n t r l b u t e d 15.3% of the Pb i n the outflow (Figure 6.43). Lead i s a l s o 
l e s s e a s i l y s o l u b i l i s e d than Cd and only 2% of the p o t e n t i a l l y 
a v a i l a b l e Pb i n the basai sédiment has been mo b i l i s e d a f t e r 102 
minutes. Therefore the higher f l o w i n the l a t e stages of storm 6B were 
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r e q u i r e d t o mobilise the g u l l y p o t basal sediment Pb, as w e l l as the 
remaining 295.4 mg of road r u n o f f . The 11.2 mg Pb which had been 
mobilised i n the g u l l y p o t sediment probably represents the Pb 
contained i n i n t e r s t i t i a l sediment water. 
The g u l l y p o t outflow of Pb, t h e r e f o r e , i s very dependent on whether 
the g u l l y p o t sediment i s mobilised and on the suspended s o l i d Pb 
loadings i n road r u n o f f . However, approximately 90% of the road dust 
Pb remains on the road surface and i t i s t h e r e f o r e a r e l a t i v e l y 
p e r s i s t e n t metal. The g u l l y p o t outflow loading f o r storm 6B was high 
(891.8 mg) l a r g e l y due t o g u l l y p o t sediment m o b i l i s a t i o n (Figure 
6.41). The g u l l y p o t outflow released between 75,7 mg and 891.8 mg Pb 
i n the sampled storms, and c o r r e l a t e d w e l l with loadings of suspended 
s o l i d s and p a r t i c u l a t e organic carbon. The average accumulation rate 
i n road dusts was 56.2 mg Pb/day between storms which i s s u f f i c i e n t t o 
meet the outflow loadings found, although atmospheric f a l l o u t i s a l s o 
important. 
6.4,4 Copper Mass Balance, 
The atmospheric f a l l o u t loadings of Cu (ranging between 2.0 and 203.4 
mg Cu) are f r e q u e n t l y greater than g u l l y p o t outflow loadings f o r the 
sampled events. During storm 6B, 203.4 mg Cu was c o n t r i b u t e d by 
atmospheric f a l l o u t (Figure 6.44). 
As i n the case of Pb, a l a r g e r e s e r v o i r of Cu i s present i n road 
dusts, yet only between 5.3% and 9.8% of Cu i n combined road dusts and 
atmospheric f a l l o u t i s washed o f f i n road r u n o f f . The loading of Cu i n 
road dusts was i n the range of 148.6 mg - 3465.8 mg Cu. However, a c i d 
washing of sediments appears to be a f a i r l y important Cu removal 
process, as an average of 49.8% of the Cu i n road runoff ( f o r a l l the 
storms studied) i s i n the Chelex Removeable f r a c t i o n . 
-234-
I 626.S 
Figure 6.44 Kass Balance f o r T o t a l Copper, Storm 6B. 
The g u l l y p o t l i q u o r i s on important source of Cu and produced 15.6 mg 
of Cu f o r storm 6B, which represented 8% of the g u l l y p o t outflow. 
During the sampling p e r i o d the g u l l y p o t l i q u o r contained between 3.1 
and 15.6 mg Cu which represented c o n t r i b u t i o n s of between 3.7% and 
12.3% of the g u l l y p o t outflow Cu l o a d i n g . As was found f o r the other 
metals the g u l l y p o t l i q u o r i s most important during the e a r l y stages 
of a storm event. During storm 6B, the g u l l y p o t l i q u o r c o n t r i b u t e d 
18.6% of the Cu a f t e r 102 minutes (Figure 6.45), Copper behaves 
somewhere i n between the extrêmes of Cd and Pb i n that 63,7% of the 
g u l l y p o t basai sedimentary Cu was re l e a s e d i n the f i r s t part of storm 
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6B. Thls represents Cu i n i n t e r s t i t i a l sédiment waters with a f u r t h e r 
35.1 mg Cu s t i l l bound to sédiment and to be released l a t e r i n storm 
6B. Only 8.3% of the road runoff Cu had been released by 102 minutes, 
with the remainder coming i n l a t e r from road sédiment m o b i l i s a t i o n and 
the a c i d r a l n washing of sédiments. 
Figure 6.45 Mass Balance f o r Copper a f t e r 102 Minutes of Storm 6B. 
The gu l l y p o t i n t e r s t i t i a l sédiment water can be an important source of 
the Strongly Bound Cu f r a c t i o n (Figure 6.46). i n storm 6D, 98% of the 
Strongly Bound Cu i n outflow came from i n t e r s t i t i a l sédiment water, 
with the remainder from road runoff and none from atmospheric f a l l o u t . 
As t h i s f r a c t i o n was 17.2% of t o t a l Cu i n the g u l l y p o t outflow then 
the Strongly Bound f r a c t i o n i n i n t e r s t i t i a l sédiment water i s a 
s i g n i f i c a n t source of Cu. This f r a c t i o n r e s u l t s from the complexing of 
Cu with matured sédiment derived organic Compounds. 
Total Copper n g 
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Strongly Bound 
Copper mg 
Storm 6D 
Figure 6.46 Mass Balance f o r Strongly Bound Copper, Storm 6D. 
The g u l l y p o t outflow therefore depends both on sediment m o b i l i s a t i o n 
and a c i d r a i n m o b i l i s a t i o n . During storm 6B (Figure 6.44) 193.9 mg of 
Cu was r e l e a s e d , although a range of 31.8 mg - 193.9 mg Cu was found 
f o r the storms s t u d i e d . This seems reasonable as the average road dust 
accumulation was 18.7 mg Cu/day. 
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CHAPTER 7 MKTAl. SPEC1 ATTOK 1W STQRMVATER AHD SMOVMELT RÏÏBOEF: 
CONCENTRAT IQSS. LOADINGS AND BIOAVAILABILITY. 
The occurrence of heavy metals i n stormwater i n unacceptably high 
concentrations i s a p a r t i c u l a r cause f o r concern as they may have a 
s e r i o u s impact on s e n s i t i v e r e c e i v i n g waters (Randall et a l . 1978, 
Wilber and Hunter 1979, Malmqvist 1983). 
In order t o assess the degree of p o l l u t i o n due to metals i n urban 
runoff i t i s e s s e n t i a l t o understand the v a r i a t i o n s , both i n terms of 
concentrations and loadings, of b i o a v a i l a b l e metal s p e c i e s . I t i s a l s o 
necessary to analyse the data obtained f o r v i o l a t i o n s of Vater Q u a l i t y 
Standards. Exceedance of these standards may i n d i c a t e short term 
e f f e c t s on the b i o t a of r e c e i v i n g waters. However, the p i n - p o i n t i n g of 
v i o l a t i o n s Is not aided by the i n t e r m i t t e n t nature of urban runoff 
discharge. There i s th e r e f o r e a requirement f o r a n a l y t i c a l methods 
which can monitor the long term uptake of heavy metal species by 
r e c e i v i n g water organisms and t h e i r r e a c t i o n , i f any, t o short terra 
metal p o l l u t e d stormwater discharges. Dialysis with Receiving Resins 
may provide such an a n a l y t i c a l method. 
7.1 Storm C h a r a c t e r i s t i c s 
Eight storm events (four at Oxhey and four at Bergsjon) and two 
snowmelt events (both at Bergsjon) were i n v e s t i g a t e d f o r heavy metal 
speci e s concentrations and loadings. The main c h a r a c t e r i s t i c s of each 
storm event are shown i n Table 7.1. In a d d i t i o n t o an a l y s i n g the 
samples f o r heavy metal s p e c i e s , c o n t r o l l i n g parameters, such as 
suspended s o l i d s , p a r t i c u l a t e organic carbon, pH, d i s s o l v e d c h l o r i d e 
and d i s s o l v e d organic carbon, were a l s o measured. 
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Table 7.1 C h a r a c t e r i s t i c s of Ten Urban Runoff Events Sampled at 
Stormwater O u t f a l l s i n Sweden and the U.K. 
Storni Date Catchment Samples Type of Storni Urban 
Code Col1ected Event Durât ion Runof f 
(Nb. ) (hours) (in
3
) 
7A 26.02.83 Oxbey 9 Stormwater 2.2 1058.3 
7B 28.02.83 Oxhey 10 Stormwater 2.7 1362.3 
7C 28.05.83 Oxbey 5 Stormwater 0.8 320.3 
7D 04.05.84 Oxhey 3 Stormwater nm nm 
7E 04.10.83 Bergsjön 5 Stormwater 0.7 33. 4 
7F 27.10.83 Bergsjön 12 Stormwater 1.7 63. 1 
7G 19.09.84 Bergsjön 3 Stormwater 0.4 79.9 
7H 18.10.84 Bergsjön 11 Stormwater 4.4 281.3 
71 20.12.83 Bergsj ön 12 Snowmelt 6.6 111.7 
7J 29.01.85 Bergsjön 12 Snowmelt 9.0 77.1 
nn = not »easured 
Storms 7A and 7B represent a r a i n y s p e l l at the Oxhey s i t e with a 
break of 2.7 days separating the two events. The weather f o r the 
preceding two months contained i s o l a t e d s n o w f a l l s , and urban s a l t i n g 
during t h i s time i s r e f l e c t e d i n the elevated d i s s o l v e d c h l o r i d e 
concentrations i n storm 7A (up to 179 mg C l / 1 ) . The maximum fl o w 
i n t e n s i t y was highest i n storm 7A, up t o 231 1/s, which represents 
4.7 1/s/impervious hectare (although i t may not have r a i n e d over the 
whole catchment). The highest r a i n f a l l i n t e n s i t y sampled at Bergsjön 
was 82.3 1/s i n storm 7G, which represents 13.5 1/s/impervious 
hectare. C l e a r l y thèse are not lar g e storms, i n comparison with the 
maximum i n t e n s i t y range of 5.9 to 118 1/s/impervious hectare f o r the 
s i x storms sampled on the Chalmers catchment during the summer of 1984 
(Chapter 6 ) . However, storms 7A - 7H were a l l monitored during s p r i n g 
and autumn and therefore do not represent the heavy thunderstorm 
events found i n the summer. Also the Oxhey and Bergsjön catchments are 
-239-
not small confined areas and différent s p a t i a l r a i n f a l l i n t e n s i t y and 
d u r a t i o n may be found i n each c o n t r i b u t i n g area. Consequently a high 
r a i n f a l l i n t e n s i t y i n one area may be reduced i n the subséquent 
stormwater outflow by a low i n t e n s i t y In another area. 
Storms 7E, 7F, 7G and 7H were c o l l e c t e d during the autumn seasons of 
1983 and 1984 an the Bergsjön catchment (Table 7.1). These faur events 
are t y p i c a l of the fréquent low t o medium i n t e n s i t y r a i n f a l l events 
recorded throughout the year i n Gothenburg. 
Snowmelt events 71 and 7J were c o l l e c t e d during the winters of 1984 
and 1985 r e s p e c t i v e l y (Table 7.1) and the two events are q u i t e 
différent i n character. Snowmelt 71 was c o l l e c t e d i n December when 
snow often melts r a p i d l y , e i t h e r due ta the s n o w f a l l changing to s l e e t 
or r a i n , or during the fréquent warm s p e l l s . For 71 the snow had l a i n 
on the ground f a r s e v e r a l days and the f i r s t sample was c o l l e c t e d as a 
warm s p e l l had s t a r t e d t o melt the snow. A f t e r f i v e b o t t l e s had been 
c o l l e c t e d r a i n f a l l increased the snowmelt process, and consequently 
the r u n o f f , r e s u l t i n g i n a heavy f l u s h af suspended s o l i d s (up to 
1624 mg/1) and d i s s o l v e d Chloride (up to 17 g/1). In contrast snowmelt 
7J was c o l l e c t e d during mid-winter (January/February) when ambient 
températures are f r e q u e n t l y as low as -20*C. Under thèse c o n d i t i o n s 
the snow melts over a long time p e r i o d as a r e s u i t of raad s a l t i n g and 
the heat of the sun during daytime. Snowmelt 7J represents only nlne 
hours from thèse winter c o n d i t i o n s , which p r e v a i l e d from e a r l y January 
to the end of A p r i l i n the winter of 1985. 
7.1.1 Dissolved and Suspended S o l i d Métal Concentrations. 
The average d i s s o l v e d métal concentrations f o r a l l the storm and 
snowmelt events studied are shown i n Table 7.2. 
-240-
Table 7.2 Average Dissolved Metal Concentrations i n Stormwater and 
Snowmelt. 
Diss o l v e d Metal Concentration ug/1 
7A* 7B* 7C* 7D* 7E
+ 
7F
+ 
7G
+ 
7H* 71- 7J* 
Zinc 227.4 162.8 92.0 158.4 202.3 88. 1 65.4 68.7 339.5 508.5 
Cadmium 3.4 9. 1 2. 7 1. 7 2.9 1.4 0.6 1.0 6.1 4.3 
Lead 17. 0 17.8 15.5 16.4 9.0 5.2 3.8 4.0 37.0 8.6 
Copper 53.8 47.2 23.5 37.9 138.2 33.6 45. 1 68.5 89.2 996.3 
*StorMater, Oxhey 
*Stocat#ater, Bergsjön 
'Snovaelt, Bergsjön 
In stormwater the d i s s o l v e d Zn and Cu concentrations are s i m i l a r f o r 
both catchments, whereas the d i s s o l v e d Cd and Pb concentrations are 
ge n e r a l l y s l i g h t l y higher i n the U.K. catchment. The two snowmelt 
events at Bergsjön show elevated d i s s o l v e d concentrations f o r a i l four 
metáis compared t o the four stormwater events monitored at the same 
catchment. T h i s has been observed p r e v i o u s l y f o r t o t a l metal 
concentrations a t Bergsjön (Malmqvist 1983) and has been a t t r i b u t e d t o 
the slow melting of metal enriched, d i r t - l a d e n snow which c o l l e c t s at 
the road s i d e . 
The greatest snowmelt d i s s o l v e d metal enrichment i s seen f o r f r e e and 
weafcly complexed ( E l e c t r o c h e m i c a l l y A v a i l a b l e and Chelex Eemoveable) 
metal s p e c i e s , which i s I l l u s t r a t e d i n Table 7.3 by a comparison of 
di s s o l v e d Cd i n stormwater and snowmelt. The same enrichment p a t t e r n 
i s observed f o r Cu, Pb and Zn and can be accounted f o r by the high 
d i s s o l v e d Chloride c o n c e n t r a t i o n C1-17 g/1) i n snowmelt which a s s i s t s 
the desorption of weakly a s s o c i a t e d metal spec i e s from suspended 
s o l i d s . On libération the metal c h l o r i d e s p e c i e s tend t a enter f r e e 
and weakly complexed f r a c t i o n s . The enrichment f a c t o r f o r a i l four 
metáis was between 3.6x and 15x f o r the E l e c t r o c h e m i c a l l y A v a i l a b l e 
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and Chelex RemoveabTe f r a c t i o n s i n snowmelt over stormwater at 
Bergsjön. The présence of d i s s o l v e d organic complexing l i g a n d s may 
compete favourably with c h l o r i d e f o r the l i b e r a t e d métal. An 
enrichment of between l,9x and 5.8x, f o r a i l four metals, was found 
f o r the Strongly Bound f r a c t i o n of snowmelt at Bergsjön. 
Table 7.3 Âverage Dissolved Concentrations f o r Cadmium F r a c t i o n s i n 
Stormwater and Snowmelt, Bergsjön. 
Dissolved Cadmium Concentration pg/1 
7B+ 7F
+
 7G'- 7H* 71' 7J-
Electrochemical 
A v a i l a b l e 
Chelex 
Removeable 
Str o n g l y 
Bound 
2.7 0.7 nd 
2.3 1.0 0.4 
0.6 0.4 0.2 
0.3 4.8 2.4 
0.8 4.2 3.8 
0.3 2.1 0.5 
*StorMater, Bergsjön 
'Snowwlt, Bergsjön 
nd = not deteeted 
Z i n c , Cd and Pb suspended s o l i d concentrations are s i m i l a r on both the 
Oxhey and Bergsjön catchments (Table 7.4). The road surface dusts are 
probably the main source of thèse three metals on both catchments, as 
evidenced from the mass balance of the Chalmers parking l o t (Chapter 
6) and the mass balance of Malmqvlst (1983) f o r the Bergsjön 
catchment. The métal inputs to both the Swedish and U.K. catchments 
may be l a r g e l y a t t r i b u t e d t o domestic t r a f f i c and th e r e f o r e the 
accumulation of metals i n the road dusts may be expected to be 
s i m i l a r . Copper i s g r e a t l y enriched at the Bergsjön o u t f a l l , compared 
to Oxhey. This can be d i r e c t l y r e l a t e d t o the Cu g u t t e r i n g which i s 
wldely used w i t h i n the Swedish catchment, as the road dust 
concentrations are not p a r t i c u l a r l y high (Table 7.5). 
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Table 7,4 Average Suspended S o l i d Métal Concentrations In 
Stormwater and Snowmelt. 
Suspended Solid Metal Concentration pg/g 
7A* 7B* 7C* 7ü* 7E* 7Ff 7Gt 7H* 71' 71* 
Zinc 413,9 551,7 769,8 345,5 272,2 944,8 1211,9 1312,3 663,7 2372,2 
Cadmium 11,5 60.3 9,1 3,0 5.1 11,2 6,3 4.7 3,4 11.8 
Lead 2464,5 2001,4 939,2 514,0 410,5 663,2 1416.2 1889.8 550,7 4290.4 
Copper 413,6 481.5 167,3 126,1 756.0 1043,8 2309.0 3364,3 3071,125184.7 
*Stora»atep( Dxhey 
'Storoater, Bergsjön 
'Snovaelt, Bergsjön 
The suspended s o l i d metal concentrations a t the Bergsjön stormwater 
Dutfall are greater than those a s s o c i a t e d with the f i n e f r a c t i o n of 
road dusts (Table 7.5). This enrichment can be exp l a i n e d f o r Zn, Cd 
and Pb by the pH/surface area dependent metal uptake theory, described 
i n S e c t i o n 6.2.4, with the increase of suspended s o l i d metal being 
r e l a t e d t o the increase i n pH from the a c i d i c r a i n f a l l (^  4.0 at 
Bergsjön) t o the stormwater o u t f a l l (= 6 - 7 at Bergsjön). This pH 
increase i s b e l i e v e d t o be a carbonate process due t o the d i s s o l u t i o n 
of road and in - p i p e sediment s a l t s , as w e l l as the products of the 
de s t r u c t i o n of concrete pipes. This pH gradient through the stormwater 
system causes s a l u b i l i s e d metal species t o adsorb t o p a r t i c u l a t e 
s u r f a c e s , which are = 20% organic carbon at the stormwater o u t f a l l and 
therefore provide increased camplexing s i t e s f o r the metals. The major 
metal enrichment of stormwater over road dusts f o r Zn, Cd and Pb i s 
found i n the Exchangeable f r a c t i o n , as a comparison of Tables 7,5 and 
7.6 shows f o r Pb. The Exchangeable Pb f r a c t i o n i s enriched by between 
13x and 96x i n stormwater s o l i d s over the f i n e f r a c t i o n of road dusts. 
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Table 7.5 Average Metal Concentrations (Three Samples) i n tbe Fine 
F r a c t i o n of Road Dusts from tbe Bergsjbn Catchment. 
Metal Concentration ug/g 
Exchangeable Carbonate and 
Hydrous Metal 
Oxide 
Organic Total 
S o l i d 
Zinc 20.4 138.2 62. 0 220.6 
Cadmium 1.3 nd nd 1.3 
Lead 27.3 156.8 29.6 213. 7 
Copper 7. 0 45.6 43.7 96.3 
nd = not datected 
Tbe same Exchangeable enrichment process a l s o occurs f o r Cu at 
Bergsjbn. However, i n mass balance térros most of the Cu i s derived 
from r o o f i n g m a t e r i a l s <Halmqvist 1983) and t h i s runoff i s routed i n t o 
the starmwater system below ground. The a c i d r a i n m o b i l i s a t i o n , 
described i n S e c t i o n 6.2.2.1, vrauld be expected to mostly reléase Cu 
i n the Chelex Removeable f r a c t i o n . On contact with the pH b u f f e r e d , 
road and g u l l y p o t washout the free and weakly complexed Cu may be 
r a p i d l y adsorbed to the surface of suspended s o l i d s . Therefore the 
pH/surface area uptake process may be only an in-pipe process f o r Cu. 
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Table 7.6 Average Suspended S o l i d Concentrations f o r Pb F r a c t i o n s 
i n Stormwater and Snowmelt, Bergsjbn. 
Suspended S o l i d Lead Concentration pg/g 
7 E i - 7 F r 7 G + 7 H - t - 7 I - 7J-
Exchangeable 363.6 533.6 
Carb + Hyd 39.4 120.5 
Organic 7.6 9.1 
Carb + Hyd = Carbonate + Hydrous Retal Oxide 
tStomuater( Bergsjôn 
"Snownelt, Bergsjèn 
7.1.2 Dissolved and Suspended S o l i d Matai Loadings. 
The d i s s o l v e d metal loadings f o r Oxhey and Bergsjbn are shown i n Table 
7.7. I t i s c l e a r that the metal loadings at Oxhey are much greater 
than Bergsjbn. However, when the e i g h t times greater catchment area of 
Oxhey i s taken i n t o account then the r e s p e c t i v e s i t e loadings are 
w i t h i n the same order of magnitude f o r the four d i s s o l v e d metáis. 
Table 7.7 Di s s o l v e d Metal Loadings i n Stormwater and Snowmelt. 
Dissolved Metal Loadings, g 
7 A* 7B* 7C* 7E
+ 
7F
+ 
7G
+ 
7H
r 
71* 7J* 
Zinc 217. 7 218. 1 28.4 6.3 5. 1 4.3 18.8 34.6 37. 1 
Cadmium 3. 0 12.4 1.0 0.07 0.08 0. 04 0.25 0.64 0.32 
Lead 16.7 24.3 5.4 0.25 0.32 0.31 1.01 6.2 0.67 
Copper 52.7 62.7 7. 1 3.6 1.9 2.4 17.6 8.9 76. 4 
•Slorwater, Oxhey 
'Storuiater, Bergsjón 
•SnoMelt, BergsjÔn 
834.5 1307.0 
532.5 532.3 
49.2 50.4 
363.1 2633.0 
97.3 1428.9 
90.4 228.6 
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Snowmelt c l e a r l y bas increased d i s s o l v e d métal loadings compared t o 
stormwater runoff at the Bergsjbn s i t e (Table 7.7), p a r t i c u l a r l y f o r 
Cd and Cu and to a l e s s e r extent f o r Zn and Pb, d e s p i t e a s i m i l a r 
t o t a l flow runoff volume (Table 7.1). 
Table 7.8 Suspended S o l i d Métal Loadings i n Stormwater and 
Snowmelt. 
Suspended S o l i d Métal Loadings, g 
7A* 7B* 7C* 7E* 7F* 7G* 7H+ 71- 7J-
Zinc 74.6 38.5 31.8 1.4 3.8 7.9 12.8 13.0 4.7 
Cadmium 1.4 3.9 0. 4 0.02 0.04 0. 03 0. 04 0.04 0. 02 
Lead 371.8 146. 6 43.9 1.5 2.9 5.4 18.3 6.4 7.9 
Copper 64.1 36.2 8.6 2.2 3.8 12.6 30.8 23,5 42.3 
'Storwater, Oxhey 
'Storaaater, BergsjÔn 
'SnovneU, Bsrgsjôn 
A s i m i l a r comparison can be made between Oxhey and Bergsjbn f o r the 
suspended s o l i d métal loadings (Table 7.8). One s i g n i f i c a n t différence 
i s that snowmelt métal loadings are not s i g n i f i c a n t l y différent from 
stormwater métal loadings at the Bergsjbn s i t e . 
I f , during snowmelt, an i n t e r a c t i o n between d i s s o l v e d and suspended 
s o l i d loadings occurred in-pipe then, t a k i n g i n t o account the 
s i g n i f i c a n t d i s s o l v e d métal snowmelt lncrease (Table 7.7), the 
snowmelt suspended s o l i d métal loadings would be expected to have 
decreased a c c o r d i n g l y . As t h i s i s not the case then i t could be 
suggested that the s i g n i f i c a n t d i s s o l v e d métal s o l u b i l i s a t i a n i s 
tak i n g place on the road surface during snowmelt. 
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7-1-3 P a r t i t i o n i n g of Metals between the Phases and F r a c t i o n s 
The percentage c o n t r i b u t i o n of each metal f r a c t i o n t o the urban runoff 
events which have been s t u d i e d are shown i n Figure 7.1. The 
p r o p o r t i o n i n g of the metal f r a c t i o n s i s f a i r l y comparable both between 
i n d i v i d u a l storm events and between différent catchments. 
Zinc shows a présence i n both the d i s s o l v e d and suspended s o l i d phases 
but, except i n storms 7C and 7G, i s most important i n the s o l u b l e 
form. Free and weakly complexed Zn predomínate i n stormwater with an 
average of 40.6% i n the E l e c t r o c h e m i c a l l y A v a i l a b l e f r a c t i o n and 45.4% 
i n the Chelex Eemoveable f r a c t i o n . Thèse f r a c t i o n s , p a r t i c u l a r l y the 
E l e c t r o c h e m i c a l l y A v a i l a b l e f r a c t i o n (73,5%), are increased 
s i g n i f i c a n t l y i n snowmelt runoff. This tends t o c o n f i r m the formation 
of s o l u b l e c h l o r i d e complexes of Zn during appropriate c o n d i t i o n s . 
Apart from storms 7A and 7E where the Strongly Baund Zn f r a c t i o n i s 
considerably e l e v a t e d , the Strongly Bound f r a c t i o n remains c o n s i s t e n t 
at 15.8% and 15.9% f o r the Oxhey and Bergsjbn catchments r e s p e c t i v e l y , 
i n c r e a s i n g only s l i g h t l y i n snowmelt ru n o f f . The elevated Strongly 
Bound f r a c t i o n s i n storms 7A and 7E may be due to the importance of 
d i s s o l v e d organlc complexing compounds from g u l l y p o t l i q u o r and 
i n t e r s t i t i a l sédiment water (see Se c t i o n 6.3,3). In the suspended 
s o l i d phase the Exchangeable f r a c t i o n i s the most important, 
accounting f o r , on average, 22.3% of the t o t a l Zn i n stormwater 
c o l l e c t e d from both catchments. However, there i s considerable 
v a r i a t i o n i n Exchangeable Zn between storms. As Exchangeable Zn i s 
mostly derived from road runoff s o l i d s and g u l l y p o t basai sédiments 
(see S e c t i o n 6.3.3), the m o b i l i s a t i o n of thèse s o l i d s and the extent 
of the pH/surface area dépendent metal uptake process (see S e c t i o n 
6.2.4) i s c r i t i c a l f o r the importance of t h i s f r a c t i o n . The more 
s t r o n g l y a s s o c i a t e d sedimentary Zn f r a c t i o n s a l s o show v a r i a b l e 
tendencies. The Carbonate and Hydrous Metal Oxide f r a c t i o n i s 
s i g n i f i c a n t f o r stormwater at Bergsjbn (12.5%), while the Organic 
f r a c t i o n i s more important at Oxhey (11,1%) and f o r snowmelt at 
Bergsjbn (14.5%). 
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Figure 7.1 P a r t i t i o n i n g of Metals between F r a c t i o n s i n Urban Runoff. 
contd. 
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In the case of Cd almost a i l the métal i s contained i n b i o a v a i l a b l e 
forms ( i . e . E l e c t r o c h e m i c a l l y A v a i l a b l e or Chelex Removeable and 
Exchangeable) with an average of 86.0% i n thèse forms at Oxhey, 68% at 
Bergsjbn and 73.3% f o r snowmelt at Bergsjbn. The average percentages 
of the E l e c t r o c h e m i c a l l y A v a i l a b l e (35.9%) and Chelex Removeable 
(52.4%) Cd f r a c t i o n s f o r stormwater are increased s i g n i f i c a n t l y i n 
snowmelt to 63.4% and 70.4% r e s p e c t i v e l y , which i s due to the Cd 
s o l u b i l i s i n g a c t i o n of the high c h l o r i d e l e v e l s . The average Strongly 
Bound f r a c t i o n i s higher at Bergsjbn, i n stormwater (22.7%) and 
snowmelt (23.8%), than at Oxhey (12.7%). However, as f o r Zn the 
Strongly Bound Cd f r a c t i o n i s q u i t e v a r i a b l e , with the most 
s i g n i f i c a n t percentages o c c u r r i n g i n storms 7A and 7E, although f o r 
t h i s métal storms 7H and 71 a l s o c o n t a i n a s i g n i f i c a n t percentage of 
St r o n g l y Bound Cd. As suggested i n S e c t i o n 6.3.3 the g u l l y p o t l i q u o r 
and i n t e r s t i t i a l sédiment water may i n f l u e n c e the Strongly Bound Cd 
v a r i a t i o n s . For suspended s o l i d Cd the Carbonate and Hydrous Métal 
Oxide and Organic f r a c t i o n s are r e l a t i v e l y unimportant, but the 
Exchangeable f r a c t i o n represents on average 24.6% of the t o t a l Cd i n 
stormwater, but only 2.9% i n snowmelt (due t o the high loadings i n the 
d i s s o l v e d phase). This e f f e c t seems to be f a i r l y c o n s i s t e n t throughout 
the storm events s t u d i e d . The pH/surface area dépendent mechanism, 
descrlbed i n Se c t i o n 6.2.4, may provide a c o n s i s t e n t i n f l u e n c e on the 
p a r t i t i o n i n g of the Exchangeable Cd f r a c t i o n . 
Examination of Figure 7.1 shows that Pb i s predominantly suspended 
s o l i d a s s o c i a t e d , Only 9.6% of Pb i s found i n the d i s s o l v e d phase of 
stormwater, although t h i s increases t o an average of 28.4% i n snowmelt 
run o f f , l t should be noted that the snowmelt r e s u i t i s elevated by a 
high d i s s o l v e d Pb f l u s h (346.4 pg/1) during snowmelt 71 and t h a t 
snowmelt 7J does not show elevated d i s s o l v e d Pb p r o p o r t i o n s . Of the 
stormwater d i s s o l v e d f r a c t i o n s , the S t r o n g l y Bound f r a c t i o n i s most 
important with a 5.4% c o n t r i b u t i o n f o r Oxhey and 4.3% f o r Bergsjbn. As 
with Zn and Cd the Strongly Bound f r a c t i o n i n d i c a t e s g u l l y p o t l i q u o r 
and i n t e r s t i t i a l sédiment water m o b i l i s a t i o n . The most s i g n i f i c a n t 
proportions of Strongly Bound Pb are found i n storms 7C, 7E and 71. 
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The suspended s o l i d phase i s l a r g e l y dominated by the Exchangeable 
f r a c t i o n with 58.5% of Pb found i n t h i s phase at Oxhey and 64.6% at 
Bergsjbn. Exchangeable Pb may be released i n t o the water column when 
s u i t a b l e c o n d i t i o n s f o r s o l u b i l i s a t i o n accur, such as heavy discharges 
of c h l o r i d e i n snowmelt or under reducing c o n d i t i o n s i n sédiments. The 
Carbonate and Hydrous Métal Oxide f r a c t i o n i n d i c a t e s the m o b i l i s a t i o n 
of reduced g u l l y p o t l i q u o r and i n t e r s t i t i a l sédiment water (see 
Sect i o n 6.3.3) and i s s i g n i f i c a n t f o r Pb i n a i l the storms s t u d i e d 
with an average c o n t r i b u t i o n of 20.5%. The Organic Pb f r a c t i o n i s 
s i g n i f i c a n t at Oxhey (14.1%) and i n snowmelt at Bergsjbn (9.4%), but 
i s i n s i g n i f i c a n t i n stormwater at Bergsjbn (2.8%). 
Copper i s f a i r l y evenly d i s t r i b u t e d between both the d i s s o l v e d and 
suspended s o l i d phases. The E l e c t r o c h e m i c a l l y A v a i l a b l e f r a c t i o n i s 
more important at Bergsjbn (13.2%) than at Oxhey (5.8%). The présence 
of f r e e and weakly complexed metals may be modified by the pH range, 
which i s g e n e r a l l y higher at Oxhey. For storms 7A and 7B the pH range 
was between 7.1 and 7.6 which d i d not a l l o w the présence of the 
E l e c t r o c h e m i c a l l y A v a i l a b l e f r a c t i o n . There i s a t r e n d f o r a s h i f t t o 
more s t r o n g l y complexed and adsorbed d i s s o l v e d and suspended s o l i d 
f r a c t i o n s . The same trend i s seen at Bergsjbn where the 
E l e c t r o c h e m i c a l l y A v a i l a b l e Cu f r a c t i o n i s s i g n i f i c a n t i n storms 7E, 
7G and 7H (pH range 6.1 - 6.8), but l e s s s i g n i f i c a n t i n storm 7F (pH 
range 6.9 - 7.2). Thèse f i n d i n g s agrée with experiments on Cu 
adsorption t o s o l i d s which show tha t d i s s o l v e d Cu i s adsorbed at pH 
values greater than 5.5, with 100% adsorption at approximately pH 7.0 
(see Section 2.7.2.1). E l e c t r o c h e m i c a l l y A v a i l a b l e Cu i s l e s s 
dépendent on pH i n snowmelt where the high d i s s o l v e d c h l o r i d e 
concentrations compete s u c c e s s f u l l y with s o l i d adsorbed Cu to give an 
average of 23.3% i n t h i s f r a c t i o n . However, a heavy f l u s h of suspended 
s o l i d s i n snowmelt 71 (up to 1624.1 rag/1) caused a réduction of 
E l e c t r o c h e m i c a l l y A v a i l a b l e Cu i n t h i s event. 
Chelex Removeable Cu i s s i g n i f i c a n t i n both stormwater and snowmelt 
with, on average, a c o n t r i b u t i o n of 31.9%. However the Strongly Bound 
f r a c t i o n i s more v a r i a b l e and, as with the other metals, i s an 
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important i n d i c a t i o n of g u l l y p o t l i q u o r and i n t e r s t i t i a l sediment 
water m o b i l i s a t i o n (see Se c t i o n 6.3.3). The most s i g n i f i c a n t 
proportions of Strongly Bound Cu are found i n storms 7A and 7E. 
In the Swedish catchment the suspended s o l i d Cu concentration i s 
higher and i n stormwater t h i s i s r e f l e c t e d i n the Exchangeable 
f r a c t i o n which comprises 35.2%, as compared to 15.8% at Oxhey. The 
Carbonate and Hydrous Metal Oxide f r a c t i o n may o r i g i n a t e from any part 
of the stormwater system although, as with Pb, the amounts may be 
dependent on hydrous Fe and Mn oxide formation i n the g u l l y p o t . The 
16.5% average value f o r Cu i s exceeded i n storms 7A, 7F, 7G and 7H and 
the trend c l o s e l y f o l l o w s that f o r Pb i n the same f r a c t i o n . The 
Organic f r a c t i o n i s more important i n stormwater at Oxhey (17.5%) than 
at Bergsjbn (6.0%) although snowmelt at Bergsjbn (25.4%) i s a l s o 
important. For snowmelt 71 the Organic f r a c t i o n i s c o n s i d e r a b l y more 
Important than snowmelt 7J and t h i s may be due to the high p a r t i c u l a t e 
organic carbon i n the former (22.4 - 33.5%) compared t o 7J 
(5.9 - 12.9%). 
L_2 Loading V a r i a t i o n s nf Heavy Metal Species through Urban 
Hydrographs, 
The storm events s t u d i e d show d i s t i n c t trends f o r heavy metal 
loadings, e s p e c i a l l y when considered i n terms of the loading of metal 
f r a c t i o n s onto the hydrograph. S i x of the storm events, each 
containing at l e a s t nine samples, have been s e l e c t e d f o r f u r t h e r 
a n a l y s i s . 
7,2, I Hydrographie and C o n t r o l l i n g Parameter V a r i a t i o n s through the 
Selected Storm Events. 
In order to understand métal v a r i a t i o n s thraugh the storm events i t i s 
f i r s t necessary t o describe the flow and c o n t r o l l i n g parameter changes 
through each event. Of the s i x storm events discussed i n t h i s s e c t i o n , 
two represent stormwater at Oxhey, two are stormwater at Bergsjbn and 
two are snowmelt at Bergsjbn. 
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7.2.1.1 Storm 7A 
This Qxhey storm of j u s t over twa bours duration e x h i b i t s three flow 
peaks with a maximum flow i n the second peak of 231 1/s (Figure 7.2). 
Suspended s o l i d loadings c l e a r l y f o l l o w the flow peaks, but with 
noticeable exhaustion f o r tbe f i n a l hydrograph r i s e . 
D i s s o l v e d 0rg3aic C 
g/ain < ) 
T 1 ME 
Figure 7.2 Hydragraph and Parameter Loadings, Storm 7A. 
Time in Minutes Commencing 02,53 
Dissolved c h l o r i d e (not shcwn) i s washed out with the f i r s t flow peak 
and consequently d i l u t i o n - e x h a u s t i o n r e s u l t s a f t e r 30 minutes. This 
washoff p r o f i l e i s not observed f o r d i s s o l v e d organic carbon. As 
discussed f o r g u l l y p o t outflow i n Sections 6.3.1.1 and 6.3.1.3, the 
f i r s t d i s s o l v e d organic carbon peak may be r e l a t e d to the m o b i l i s a t i o n 
of in-pipe s o l i d s washoff, road r u n o f f , g u l l y p o t l i q u o r and 
i n t e r s t i t i a l sédiment w&ter. The second and t h i r d organic carbon peaks 
can arguably be r e l a t e d to the m o b i l i s a t i o n of g u l l y p o t sédiment 
maturation products and organics from the road s u r f a c e . P h y s i c a l 
-253-
m o b i l i s a t i o n of sédiments i s therefore impartant f o r the libération of 
matured organic Compounds, p a r t i c u l a r l y i n decompcsing g u l l y p o t and 
in-pipe sédiments. Dissolved organic carbon reieased by p h y s i c a l 
m o b i l i s a t i o n may be termed r e s i d u a l matured organics, while d i s s o l v e d 
organic carbon q u i c k l y washed through the System may be termed r e a d i l y 
v/ashed organics. 
7.2.1.2 Storm 7E, 
This storm, of nearly three heurs d u r a t i o n and coming only two days 
a f t e r 7A, i s c h a r a c t e r i s e d by an e a r l y f l o w peak g i v i n g a 
c h a r a c t e r i s t i c " f i r s t f l u s h " of p o l l u t a n t s (Figure 7.3). 
Dissolved Organic C 
g/min (• ) 
T ; MTil 
Figure 7.3 Hydrographie and Parameter Loadings, Storis 7B. 
Dissolved chloride i s clearly r a p i d l y washed out, while the d i s s o l v e d 
organic carbon peak i s prolonged due to contributions froin residual 
matured Grganics. Suspended solids f o l l o w the flow profile although. 
from the gullypot study <see S e c t i o n 6.3.1), a more pronounced " f i r s t 
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f l u s h " of s o l i d s on the r i s i n g limb of the hydrograph might be 
expected. I t can be deduced t h a t , on such a large catchment as Oxhey, 
différent c o n t r i b u t i n g areas make up the storm p r o f i l e and therefore 
the suspended s o l i d s peak may represent the f i r s t c o n t r i b u t i o n frcm 
c e r t a i n catchment sub-areas. 
7.2.1.3 Storm 7F 
This Bergsjbn storm of nearly 116 hours d u r a t i c n i s c h a r a c t e r i s e d by a 
low flow rate period before the main storm event (Figure 7.4). During 
t h i s period r e a d i l y washed organics provide an important f l u s h of 
d i s s o l v e d organic carbon and probably a l s o produce the organic peak on 
the r i s i n g limb of the hydrograph. The secondary organic peak, j u s t 
a f t e r peak flow, may provide évidence of r e s i d u a l matured organics 
m o b i l i s a t i o n . 
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Figure 7.4 Hydrograph and Farameter Loadings, Sxorm 7F. 
Tha f i r s t suspended s o l i d s peak may represent the e a r l y m o b i l i s a t i o n 
of g u l l y p o t s o l i d s , as we l l as r e l a t i v e l y e a s i l y mobiiised s o l i d s from 
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road runoff and p a r t i c u l a r l y i n-pipe washout. The raain s o l i d s peak 
shows évidence of peaking with, or even s l i g h t l y before, peak flow, 
which agrées with f i n d i n g s from the g u i l y p o t study (see Se c t i o n 6.3.1) 
i . e . the " f i r s t f l u s h " cf s o l i d s from road runoff i s delayed by 
g u l l y p o t s e t t l i n g , but i s re-mobilised by i n c r e a s i n g f l o w on the 
r i s i n g limb of the hydrograph. In a d d i t i o n in-pipe sédiments nay a l s o 
be a s i g n i f i c a n t , i f not the most Important, feature of e a r l y sédiment 
washout. 
7.2. i.4 Storm 7H 
This second Bergsjon storm event of n e a r l y f i v e hours d u r a t i o n 
contains two major peaks of flow (Figure 7.5). Suspended s o l i d s 
loadings tend to f o l l o w the hydrograph c l o s e l y , apart from an e a r l y 
f l u s h of suspended s o l i d s which s l i g h t l y précèdes the second flow 
peak. 
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f i g u r e 7.5 Hydrograph and Parameter Loadings. Storm 7H. 
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D i s s o l v e d organic carbon f o l l o w s flow throughout the storm. At the 
beginning of the storm event a f l u s h of r e a d i l y washed organics can be 
seen and these compounds may c o n t r i b u t e s i g n i f i c a n t l y t o the two main 
peaks. However the broadening of the second peak, which f o l l o w s flow, 
may be r e l a t e d to r e s i d u a l matured organics m o b i l i s a t i o n . 
7.2.1.5 Storm 71 
Storm 71 was a snowmelt of n e a r l y seven hours d u r a t i o n (Figure 7.6). 
The e a r l y low flow snowmelt pe r i o d of nearly s i x hours was followed by 
a l i g h t r a i n f a l l event of 0.2 mm/hour i n t e n s i t y which g r e a t l y 
increased the flow. Snowmelt continued during the r e c e s s i o n a l limb of 
the hydrograph. 
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Figure 7.6 Hydrograph and Parameter Loadings. Storra 71. 
Tifiie ir. Minutes Commencing i3.SO 
Suspended s o l i d loadings s t a r t to increase before flow, demonstrating 
the r a p i d washoff of snow bound p a r t i c u l a t e s . Dissolved c h l o r i d e 
concentrations were high throughout the snowselt event (2.4-17 g/1), 
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with a peak l o a d i n g of 14.5 Kg/mln corresponding to peak flow ( t o t a l 
storm d i s s o l v e d c h l o r i d e loading was 687 Kg). 
7.2.1.6 Storm 7J. 
Storm 7J represents a small ten hour s e c t i o n of a long continuous 
snowfall/snowmelt period which l a s t e d during the greater part of 
January-April 1985. High d i s s o l v e d c h l o r i d e l e v e l s (1.0-1.3 g/1) 
throughout the snowmelt suggest that d e - i c i n g s a l t s are respo n s i b l e 
f o r the snowmelt (Figure 7.7). 
Figure 7.7 Hydrographic and Parameter Loadings, Storm 7J, 
Time in dinutes Cornet rig 20,00 
The increase of flow a f t e r 500 minutes i s due to the commencement of 
warmer daytime temperatures and, p o s s i b l y , e m u l s i f i c a t i o n of the snow 
and s a l t l y i n g on the road by e a r l y morning t r a f f i c . Suspended s o l i d s 
loadings increase sharply a f t e r 500 minutes which suggests that much 
of the suspended s o l i d s are derived from snow bound p a r t i c u l a t e s . 
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Z.2.2 Loading V a r i a t i o n s f o r I n d i v i d u a l Métal F r a c t i o n s 
I n d i v i d u a l métal species often load onta the storm hydragraph at 
différent r a t e s , which can be explained i n terms af the Controlling 
parameters (discussed i n Sec t i o n 7.2.1) and a l s o tbe i n f l u e n c e of 
m o b i l i s a t i o n and transport processes. In order t o I n t e r p r e t the 
lo a d i n g of i n d i v i d u a l métal f r a c t i o n s onto the chemographs the 
prédominant métal f r a c t i o n i s i d e n t i f i e d on the chemograph as o u t l i n e d 
i n S e c t i o n 6.3.2 (Figure 6.24). In a d d i t i o n Table 6.14 was f r e q u e n t l y 
consulted t o i d e n t i f y the p o s s i b l e sources, p r i o r t o r e l e a s e from the 
g u l l y p a t , of métal f r a c t i o n s . Despite the l i m i t a t i o n s of comparing 
r e s u l t s between urban catchments with différent c h a r a c t e r i s t i c s , t h i s 
proves t o be a us e f u l approach. One ex p l a n a t i o n f o r t h i s apparent 
c o n t r a d i c t i o n i s that the p h y s i c a l and chemical processes o u t l i n e d i n 
Se c t i o n 6.2 do not change between urban catchments, i t i s the degree 
t a which they occur which changes. 
7.2.2. 1 D i s s o l v e d Zinc F r a c t i o n s . 
* 
The v a r i a t i o n s i n loadings of d i s s o l v e d Zn durlng three storm events 
are shown i n Figure 7.Ö. Generally the Chelex Eemoveable f r a c t i o n 
dominâtes due to the d i s s o l u t i o n and a c i d r a i n m o b i l i s a t i o n of Zn from 
road su r f a c e dusts. However, the St r o n g l y Bound f r a c t i o n o f t e n shows 
unexpected c o n t r i b u t i o n s . I t should be noted that the 
E l e c t r o c h e m i c a l l y A v a i l a b l e and Chelex Removeable f r a c t i o n s u s u a l l y 
peak together and cannot be separated i n terms of différent o r i g i n s 
and processes. 
For storm 7A (Figure 7.2 and Figure 7.8(a)) the f i r s t Chelex 
Removeable Zn peak at the commencement of the storm i s t y p i c a l of the 
r a p i d " f i r s t f l u s h " due t o the s o l u b i l i s a t i o n of Zn from road surface 
and i n - p i p e sédiments as w e l l as g u l l y p a t l i q u a r m o b i l i s a t i o n . Furtber 
Chelex Removeable peaks can a l s o be r e l a t e d t o the a c i d r a i n 
m o b i l i s a t i o n of road, g u l l y p o t and i n - p i p e sédiments. Strongly Bound 
Zn i s s i g n i f i c a n t when the heaviest flow occurs and can be accounted 
f o r by the p h y s i c a l m o b i l i s a t i o n of g u l l y p o t i n t e r s t i t i a l sédiment 
-259-
water, which agrees with the i n t e r p r e t a t i o n of d i s s o l v e d organic 
carbon loadings. The second Strongly Bound Zn peak a r r i v e s l a t e i n the 
storm and can be accounted f o r by a v a r i a b l e c o n t r i b u t i n g area 
concept. This f r a c t i o n has taken longer to a r r i v e from g u l l y p o t s on 
the edges of the catchment. 
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Figure 7.3 Dissolved Zinc Loadings f o r Selected Events. 
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Storia 7F (Figure 7.4 and Figure 7.0(b)) i s on a d i f f e r e n t catchment 
but the Zn f r a c t i o n s behave i n a s i m i l a r way. 3cth d i s s o l v e d organic 
carbon and Chelex Removeable Zn e x h i b i t a " f i r s t f l u s h " at the 
beginning of the storm and on the r i s i n g limb of the hydrograph, due 
to sedimentary Zn s o l u b i i i s a t i o n and g u l l y p o t l i q u o r m o b i l i s a t i o n 
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processes. The l a t e Chelex Removeable peak i s almost c e r t a i n l y due to 
the acid, r a i n washing of road, g u i l y p o t and in-pipe sediments, as i t 
l a c k s an i n t e r p r e t a t i o n from the hydrograph or c o n t r o l l i n g parameters. 
The Strongly Bound Zn occurs j u s t at and a f t e r peak flow, together 
with the suspected r e s i d u a l matured organics peak, and may therefore 
be a r e s u l t of g u i l y p o t i n t e r s t i t i a l sediment water m o b i l i s a t i o n . 
High d i s s o l v e d c h l o r i d e l e v e l s may a l s o r e l e a s e Zn from s o l i d s i n t o 
the Chelex Removeable f r a c t i o n . During snowmelt 7J (Figure 7.7 and 
Figure 7.8(c)) o s c i l l a t i n g l o a d ing curves of Chelex Removeable Zn 
represent the chemical m o b i l i s a t i o n of road surface snow bound s o l i d 
Zn by d i s s o l v e d c h l o r i d e i n snowmelt runoff. A peak of Strongly Bound 
Zn i s found which may be a g u i l y p o t product. 
During snowmelt event 71, which i s c h a r a c t e r i s e d by a small r a i n f a l l 
(Figure 7.6 and Figure 7.9), E l e c t r c c h e m i c a l l y A v a i l a b l e Zn e x h i b i t s 
e a r l y small peaks and a delayed response f o r the main peak compared to 
the other parameters. Thus Zn i s present i n i t s lowest 
E i e c t r o c h e m i c a l l y A v a i l a b l e l o ading at the onset of the r a i n f a l l 
event, a f t e r » 300 minutes. High suspended s o l i d and p a r t i c u l a t e 
organic carbon concentrations probably c o n t r o l the p a r t i t i o n i n g of Zn 
at t h i s stage and hence l i m i t E l e c t r o c h e m i c a l l y A v a i l a b l e Zn l e v e l s . 
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7.2.2,2 Dissolved Cadmium F r a c t i o n s 
D i s s o l v e d Cd was reported i n Chapter 6 to have a s i g n i f i c a n t 
c o n t r i b u t i o n from Strongly Sound specie s o r i g i n a t i n g from the g u l i y p o t 
l i q u o r and i n t e r s t i t i a l sédiment water. 
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In s t o r a 7A (Figure 7.2 and Figure 7.10(a>) a " f i r s t f l u s h " o i Chelex 
Removeable Cd i s seen which ma y o r i g i n a t e from the s o l u b i l i s a t i c n of 
road and in-pipe sedimentary Cd, as well as g u l l y n o t products. Acid 
r a i n Cd m o b i l i s a t i o n may account f o r the l a t e r peaks. The Strongly 
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Bound f r a c t i o n accurs as a l a t e peak i n the storm p r o f i l e representing 
g u i l y p o t i n t e r s t i t i a l sédiment water m o b i l i s a t i o n . 
For storm 7B (Figure 7.3 and Figure 7.10(b>) r a p i d l y washed o f f Chelex 
Removeable Cd i s not s i g n i f i c a n t at the very beginning of the storm. 
As only two days had elapsed since storm 7A some d i l u t i o n - e x h a u s t i o n 
of r e a d i l y s o l u b i l i s e d Cd may have occurred. The lower suspended 
s o l i d s loadings i n storm 7B, compared to storm 7A, tend t o suggest 
that in-pipe sédiments may have been thoroughly washed out of the 
System. Therefore the Chelex Removeable Cd i s daminated by the a c i d 
r a i n m o b i l i s a t i o n of road dusts and appears as a peak coïncident with 
flow and i n a l a t e s e c t i o n of the storm. S t r o n g l y Bound Cd i s found 
nearly one hour a f t e r peak flow which means tha t t h i s i s due t o a 
l a t e m o b i l i s a t i o n process rather than a longer distance source 
c o n t r i b u t i o n (the time of concentration f o r Oxhey belng 19.2 minutes). 
In storm 7F (Figure 7.4 and Figure 7.10(c)) the r e a d i l y washed o f f 
Chelex Removeable Cd speci e s are observed f i r s t i n the storm p r o f i l e , 
with another c o n t r i b u t i o n at 67 minutes a f t e r peak f l o w due t a the 
a c i d washing of urban sédiments. An important Strongly Bound Cd peak 
i s found at peak flow corresponding to g u i l y p o t i n t e r s t i t i a l sédiment 
water m o b i l i s a t i o n . The l a t e Strongly Bound Cd peak may suggest t h a t 
the i n t e r s t i t i a l sédiment water was not completely washed out by the 
f i r s t flow peak and was f u r t h e r m o b i l i s e d l a t e i n the storm event. 
In storm 7H (Figure 7.5 and Figure 7.10(d)) the Chelex Removeable Cd 
f r a c t i o n shows a small " f i r s t f l u s h " f o r sédiment s o l u b i l i s a t i o n and 
g u i l y p o t l i q u o r , but i s more s i g n i f i c a n t on the r i s i n g limb of the 
second flow peak. This can be r e l a t e d t o the a c i d washing of g u i l y p o t 
and road sédiments. Strongly Bound Cd dominâtes the f i r s t flow peak 
and i s a l s o important i n the second flow peak. This suggests that the 
m o b i l i s a t i o n of g u i l y p o t i n t e r s t i t i a l sédiment water can c o n t r i b u t e 
s i g n i f i c a n t loadings of Strongly Bound Cd to stormwater. 
Two snowmelt events are presented i n Figure 7.11, showing 
B l e c t r o c h e m i c a l l y A v a i l a b l e Cd loading v a r i a t i o n s . 
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Figure 7.11 E l e c t r o c h e m i c a l l y A v a i l a b l e Cadmium Loadings througb two 
Snowmelt Events. 
Time in Minutas 
B i o a v a i l a b l e Cd i n snowmelt 71 (Figure 7.6 and Figure 7.11(a>) has 
s i m i l a r l o a ding v a r i a t i o n s to d i s s o l v e d c h l o r i d e , altbougb with a 
f l u s h at the beginning of the snowmelt (concentrations up to 
12.5 ug/1). At the onset af r a i n f a l l a high suspended s o l i d s 
c o ncentration occurred, but thèse s o l i d s were s t r i p p e d of Cd by the 
as s o c i a t e d high c h l o r i d e l e v e l s . The r e s u i t was a r a p i d r i s e i n the 
loading of b i o a v a i l a b l e d i s s o l v e d Cd which a t t a i n e d a peak 
concentration of 6.0 pg/1. 
The ease of Cd washoff i s a l s o seen far the second prolonged snowmelt 
7J (Figure 7.7 and Figure 7.11<b)). The loading v a r i a t i o n s do not 
f o l l o w flow or the Controlling parameters but o s c i l l a t e between 0.2 
and 0,55 mg/min. 
7.2.2.3 Dissolved Lead F r a c t i o n s . 
Dissolved Pb f r a c t i o n s show s i m i l a r incoming d i s t r i b u t i o n s to those of 
Zn and Cd. 
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Figure 7,12 Dissolved Lead Loadings f o r Selected Events. 
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In Storni 7 A. (Figure 7.2 and Figure 7. 12 (a)) Chelex Removeable Pb shows 
the t y p i c a l f i r s t washoff from sédiment s o l u b i l i s a t i o n and g u l l y p o t 
l i q u o r , with a second peak a f t e r the second flow maximum r e l a t e d to 
ac i d r a i n m o b i l i s a t i o n - The f i r s t S t rongly Bound peak (corresponding 
t a peak f l o w ) , which was not very prominent f o r e i t h e r Zn or Cd, was 
the most s i g n i f i c a n t Pb peak. In t h i s case, t h e r e f o r e , Strongly Bound 
Pb may be a c t i n g as a t r a c e r f o r the m o b i l i s a t i o n of the i n t e r s t i t i a l 
sédiment water of g u l l y p o t s which have s e r v i c e roads with regulär 
t r a f f i c . The second Strongly Bound Pb peak appears at a l a t e r stage en 
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tne chemograph than far e i t h e r Zn or Cd, and may represent an input 
corresponding ta tne t h i r d flow peak. 
Storm 7F (Figure 7,4 and Figure 7.12(b)> shows s i m i l a r d i s s o l v e d Pb 
f r a c t i o n d i s t r i b u t i o n s to tbose found f o r Zn and Cd. Chelex Eamcveable 
Pb dominâtes the e a r l y storm p r o f i l e g i v i n g a s i m i l a r d i s t r i b u t i o n to 
tne removal of r e a d i l y washed organics, S t r o n g l y Sound Pb dominâtes 
the second h a l f of the Storni p r o f i l e representing the washing out of 
g u l l y p o t i n t e r s t i t i a l sédiment water. 
For snowmelt -7J (Figure 7.7 and Figure 7.12(c)) o s c i l l a t i n g Chelex 
Removeable Pb and Strongly Bound Pb peaks are observed. The Chelex 
Removeable peaks may be most i n d i c a t i v e of the re l e a s e of road surface 
snow bound metal, while the Strongly Bound f r a c t i o n may be p h y s i c a i l y 
mobilised s p o r a d i c a l l y from the g u l l y p o t s . The o s c i l l a t i o n p a t t e r n may 
be r e l a t e d to the i n t e r m i t t e n t nature of snow melting. 
Figure 7.13 E l e c t r o c h e m i c a l l y A v a i l a b l e Lead Loadings during Snowmelt 
71. 
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During snowmelt event 71 (Figure 7. 13) E l e c t r o c h e m i c a l l y A v a i l a b l e Pb 
loadings reach a peak of 315 mg/min, as compared to the 0.42 mg/min i n 
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snowmelt 7J. The peak corresponds to the heavy f l u s h of d i s s o l v e d 
c h l o r i d e i n t h i s storm (Figure 7.6) and may be due to the Chloride 
c a n t r o l l e d release of Pb from road, g u l l y p o t and suspended stormwater 
s o l i d s . 
7.2.2.4 Dissolved Copper F r a c t i o n s . 
The Chelex Removeable f r a c t i o n u s u a l l y dominâtes the loading p r o f i l e 
of d i s s o l v e d Cu during storm events. However, l a t e S t r o n g l y Bound 
f l u s h e s can change the p r o f i l e s i g n i f i c a n t l y i n some cases. 
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In storm 7A (Figure 7.2 and Figure 7.14(a)) Chelex Removeable Cu 
e x h i b i t a " f i r s t f l u s h " , due to sedimentary Cu s o l u b i l i s a t i o n and 
g u l l y p o t l i q u o r c o n t r i b u t i o n s , and secondary peaks from a c i d r a i n 
m o b i l i s a t i o n , as was found f o r the other three d i s s o l v e d metals. The 
f i r s t Strongly Bound Cu peak, from g u l l y p o t i n t e r s t i t i a l sédiment 
water m o b i l i s a t i o n , a r r i v e s with the second major flow peak. The 
second S t r o n g l y Bound Cu peak a r r i v e s at the same time as the S t r o n g l y 
Bound Zn and Cd peaks and can be accounted f o r by a v a r i a b l e 
c o n t r i b u t i n g area concept. 
Storm 7F (Figure 7.4 and Figure 7.14(b)> r e q u i r e s a différent 
interprétation as much of the d i s s o l v e d Cu cames from the abundant Cu 
g u t t e r i n g w i t h i n the BergsJon catchment. At the s t a r t of the storm a 
s i g n i f i c a n t e a r l y peak, correspanding t a low flow, i s observed. This 
may be a t t r i b u t e d t o the a c i d washing of roof g u t t e r i n g and 
contaminated i n - p i p e sédiments, y i e l d i n g Chelex Removeable Cu s p e c i e s . 
Subséquent Chelex Removeable Cu peaks can be r e l a t e d t o t h i s source. 
Road dust c o n t r i b u t i o n s are not so important on t h i s catchment as 80% 
of Cu cornes from the c o r r o s i o n of Cu g u t t e r i n g (Halmqvist 1983). The 
Strongly Bound Cu f r a c t i o n a r r i v e s with the peak of r e s i d u a l matured 
organlcs and th e r e f o r e suggests an o r i g i n of g u l l y p o t i n t e r s t i t i a l 
sédiment water. Many of the g u l l y p o t s on the catchment are entered 
below ground by a roof runoff pipe. Therefore the S t r o n g l y Bound Cu 
f r a c t i o n may o r i g i n a t e from g u l l y p o t i n t e r s t i t i a l sédiment water which 
i s contaminated with raof runoff Cu. 
In starm 7H (Figure 7.5 and Figure 7.14(c)) a primary Chelex 
Removeable Cu peak represents the e a r l y a c i d washing of roof s u r f a c e s 
and i n - p i p e sédiments. During the two major flow peaks of the storm 
Strongly Bound Cu loads onto the chemograph on the r i s i n g limb of the 
hydrograph, while Chelex Removeable specie s appear i n more s i g n i f i c a n t 
loadings at peak flow. The S t r o n g l y Bound Cu peaks may represent the 
washing out of the roof runoff contaminated i n t e r s t i t i a l sédiment 
water which has been s t i r r e d up i n t o the g u l l y p o t l i q u o r between storm 
events. The Chelex Removeable peaks do not show any exhaustion between 
-268-
Stenn peaks which i s due to the c o n t i n u a l a c i d r a i n m o b i l i s a t i o n cf 
d i s s o l v e d Cu from g u t t e r i n g . 
Snowmelt 7J (Figure 7.7 and Figure 7.K(d)) has s i m i l a r d i s s o l v e d Cu 
v a r i a t i o n s t o d i s s o l v e d C h l o r i d e and flow and thus d i f f e r s from the 
other d i s s o l v e d metals. I t i s probable i n t h i s case that the high 
d i s s o l v e d Chloride concentratians c o n t i n u a l l y desorb Cu from below 
ground Sediments and depend an a r e l a t i v e l y long contact time between 
melted snow and the sediment. However, when snowmelt increases a 
d i l u t i o n e f f e c t occurs, as w e l l as a reduetion of contact time and 
t h e r e f o r e d i s s o l v e d Cu loadings decrease towards the end of the sterm. 
Chelex Removeable Cu u s u a l l y dominates the p r o i i l e , probably as 
Chloride species of Cu. Strongly Bound Cu may represent g u l l y p o t 
produets e n t e r i n g the p r o f i l e . 
Chelex Removeable Cu (Figure 7.6 and Figure 7,15) f o l l o w s a s i m i l a r 
trend to b i o a v a i l a b l e Zn i n snowmelt 71. The increase of b i o a v a i l a b l e 
metal, observed f o r Cd and Pb, with r i s i n g Chloride concentrations and 
loadings i s o f f s e t by adsorption onto the high suspended s o l i d s 
loadings released during the r a i n f a l l event, Consequently the highest 
b i o a v a i l a b l e Cu loadings accur during sustained low flow snowmelt. 
Chelex Reaovoable 
Cu ag/aln 
60 
20 
200 400 
TIRE 
Figure 7.15 Snowmelt 71 V a r i a t i o n s of Chelex Removeable Copper. 
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7.2.2.5 Suspended S o l i d Zinc F r a c t i p n s 
Suspended s o l i d a s s o c i a t e d Zn tends to f o l l o w the suspended s o l i d s 
through the hydrograph. However, a broadening of the Zn loading peaks 
i s a f t e n observed which can be a t t r i b u t e d to the l a t e entry of c e r t a i n 
f r a c t i o n s . The Exchangeable f r a c t i o n u s u a l l y dominâtes the p r o f i l e , 
although the Carbonate and Hydrous Jtetal Oxide and Organic f r a c t i o n s 
also show importance at c e r t a i n p o i n t s i n the storm p r o f i l e s . 
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In storm 7B (Figure 7.3 and Figure 7.1ô(a)) a f i r s t peak r e l a t i n g to 
road and i n - p i p e sédiment washoff i s found which f o l l o w s suspended 
s o l i d s l o a d i n g s . Although not i n d i c a t e d i n Figure 7.16(a>, the 
Carbonate and Hydrous Metal Oxide Zn f r a c t i o n a l s o reaches maximum 
loadings at t h i s p o i n t , with a value of 52.5 mg/min
(
 which may be due 
to g u l l y p o t l i q u o r s o l i d s and reduced i n t e r s t i t i a l sédiment water 
m o b i l i s a t i o n and o x i d a t i o n . However, through the i n - p i p e System the 
Exchangeable f r a c t i o n becomes much more s i g n i f i c a n t , probably due to 
the a c t i o n of the pH/surface area dépendent s o l i d Zn uptake (see 
S e c t i o n 6.2.4), which tends to obscure the o r i g i n of the Zn f r a c t i o n s . 
The second Zn peak, l a r g e l y c o n t a i n i n g the Organic f r a c t i o n and 
probably derived from g u l l y p o t basal sédiment, i s as s i g n i f i c a n t i n 
magnitude as the f i r s t peak. However, t h i s Organic peak i s found l a t e 
i n the hydrograph when flow i s s t a r t i n g t o decrease and may be 
explained by a l a t e entrainment of g u l l y p o t basal sédiments. 
In storm 7F (Figure 7.4 and Figure 7.16<b)) the Exchangeable f r a c t i o n , 
from road runoff and other storm s o l i d s enriched w i t h s u r f a c e bound 
Zn, dominâtes the f i r s t h a l f of the storm. An Organic peak again 
appears l a t e i n the storm p r o f i l e , a f t e r peak flow, due t o l a t e 
c o n t r i b u t i o n s of g u l l y p o t s o l i d s . 
A l l three s o l i d f r a c t i o n s c o n t r i b u t e s i g n i f i c a n t l y t o storm 7H (Figure 
7.5 and Figure 7.16(c)). At the beginning of the storm the 
Exchangeable and Carbonate and Hydrous Metal Oxide f r a c t i o n s dominate 
s o l i d Zn washoff and represents i n p u t s from road r u n o f f , g u l l y p o t 
l i q u o r and in-pipe s o l i d s . The second flow peak i s more intense and 
may m o b i l i s e g u l l y p o t sédiments which accounts f o r the domination of 
the Carbonate and Hydrous Metal Oxide and Organic f r a c t i o n s . 
7.2.2. 6 Suspended S o l i d Cadmium F r a c t i o n s . 
The suspended s o l i d associated Cd loadings u s u a l l y show s i m i l a r trends 
to suspended s o l i d s through the hydrographs. The Exchangeable f r a c t i o n 
o f t e n completely dominâtes the chemograph f o r Cd showing inputs due to 
road surface r u n o f f , g u l l y p o t l i q u o r and basal sédiments. The 
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Carbonate and Hydrous Métal Oxide f r a c t i o n was r a r e l y détectable, but 
the Organic f r a c t i o n i n d i c a t e s the occurrence of g u l l y p o t i n t e r s t i t i a l 
sédiment water m o b i l i s a t i o n (and th e r e f o r e the f i n e r sédiment 
as s o c i a t e d with i t ) . 
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Figure 7.17 Total S o l i d Cadmium Loadings through two Stormwater 
Events. 
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Düring the two storm events shown i n Figure 7.17 the Exchangeable 
f r a c t i o n completely dominâtes the p r o f i l e . . Storm 7A (Figure 7.2 and 
Figure 7,17(a)) has two primary peaks which f o l l o w suspended s o l i d 
loadings, l a r g e l y i n the Exchangeable form. In the f i n a l l a t e peak Cd 
s o l i d loadings are unexpectedly high compared t o Controlling 
parameters. Chelex Removeable Cd loadings were also higher at t h i s 
stage of the storm due t a a c i d r a i n m o b i l i s a t i o n from road dusts. 
Düring passage through the stormwater System the pH/surface area 
dépendent s o l i d uptake mechanism may have caused an enrichment of 
suspended s o l i d Cd loadings. 
A d i s t i n c t i v e " f i r s t f l u s h " of suspended solid Cd i s seen i n storm 7F 
(Figura 7.4 and Figure 7.17(b)). This may be due to the law flow 
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f l u s h i n g of rèadily mobilised métal enriched s o l i d s . Gullypot l i q u o r 
s o l i d s may be an important c o n t r i b u t i o n to t h i s e a r l y f l u s h due to 
t h e i r considérable Cd enricbment (see Sect i o n 6.2,5). 
Under c e r t a i n c o n d i t i o n s the Organic Cd f r a c t i o n can become 
s i g n i f i c a n t (Figure 7.18). 
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Figure 7.18 S o l i d Cadmium F r a c t i o n Loadings i n Urban Runoff. 
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In storm 7H (Figure 7.5 and Figure 7.18(a)) the f i r s t two hours of the 
event are dominated by tha Exchangeable f r a c t i o n e n t e r i n g from the 
road s u r f a c e , g u l l y p o t l i q u o r and in-pipe sédiments. However, before 
the second f l o w peak an Organic Cd f r a c t i o n enters. This f r a c t i o n can 
be accounted f o r by gu l l y p o t basai sédiment m o b i l i s a t i o n under higher 
flow. 
During snowraelt 7J (Figure 7.7 and Figure 7.18(b)) the c o n t i n u a i low 
flow f l u s h i n g of the stormwater system g i v e s r i s e to Organic Cd peaks 
which f c l l o w flow f a i r l y c l o s e l y but are net. compatible with suspended 
s o l i d loadings. It may be envisaged that i n the g u l l y p o t only semi-
buoyant organic f l o c c u l a t i o n s , perhaps with a high b a c t e r i a l and Cd 
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content and which are at or helaw the g u l l y p a t water/sediment 
interphase, are mobilised during low flow snowmelt c o n d i t i o n s . The 
Exchangeable f r a c t i o n at the end of the snowmelt represents incoming 
snowmelt p a r t i c u l a t e s from the road s u r f a c e . 
7-2.2.7 Suspended Solid lead Fractions 
G e n e r a l l y , p a r t i c u l a t e associated Pb f o l l o w s suspended s o l i d s through 
the hydrograph. The Exchangeable f r a c t i o n u s u a l l y dominates the 
p r o f i l e and can o r i g i n a t e from road r u n o f f , g u l l y p o t l i q u o r and basal 
sediment. In a d d i t i o n species transformations such as pH/surface area 
dependent s o l i d uptake may c o n t r i b u t e to the Exchangeable Pb f r a c t i o n . 
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In Storni 7A (Figure 7.2 and Figure 7.19(a)) a " f i r s t f l u s h " of s o l i d 
Pb containing mainly the Carbonate and Hydrous Metal Oxide, as w e l l as 
the Organic, f r a c t i o n occurs. The Carbonate and Hydrous Metal Oxide 
f r a c t i o n may be derived mainly from g u l l y p a t l i q u o r and in-pipe 
sédiments. There i s probably a l s o a s i g n i f i c a n t a d d i t i o n from the 
g u l l y p o t i n t e r s t i t i a l sédiment water when the r a p i d l y oxygenating road 
runoff f l u s h o x i d i s e s Fe and Mn t a t h e i r r e s p e c t i v e hydrous oxides, 
which i n t u r n c o - p r e c i p i t a t e / a d s o r b and t r a n s p o r t Pb. The Exchangeable 
f r a c t i o n shows peaks with, or j u s t before, the f i n a l two flow peaks. 
This represents road runoff s o l i d s and may a l s o i n c l u d e m o b i l i s e d 
g u l l y p o t basal sédiment, The Organic Pb peaks are seen at the very 
beginning of the storm event and a f t e r the second flow peak. These may 
represent a g u l l y p o t product, although road runoff can a l s o provide 
s i g n i f i c a n t q u a n t i t i e s of t h i s f r a c t i o n . 
The Exchangeable f r a c t i o n u s u a l l y dominâtes the Pb p r o f i l e and 
therefore i t i s u s e f u l t o use a shaded chemograph représentation as 
shown f o r storm 7H (Figure 7.5 and Figure 7.19(b)) t o i l l u s t r a t e other 
c o n t r i b u t i n g f r a c t i o n s . The Exchangeable f r a c t i o n i s most important 
throughout being i n d i c a t i v e of road runoff and Pb enrichment at the 
s o l i d surface by the a c t i o n of the pH/surface area dépendent s o l i d 
metal uptake process (see Se c t i o n 6.2.4). The Carbonate and Hydrous 
Metal Oxide f r a c t i o n i s s i g n i f i c a n t throughout the storm representing 
g u l l y p o t product r e a c t i o n and m o b i l i s a t i o n . The most s i g n i f i c a n t 
p r o portion of t h i s f r a c t i o n occurs at the beginning of the storm event 
when the g u l l y p o t i s f i r s t m obilised and t h e r e f o r e represents the 
o x i d a t i o n of reduced i n t e r s t i t i a l sédiment water. This f r a c t i o n i s 
a l s o s i g n i f i c a n t f o r the two flow peaks which may represent the 
background road dust s p e c i a t i o n . The Organic f r a c t i o n i s r e l a t i v e l y 
unimportant, but i s most concentrated i n the f i r s t part of the storm. 
Düring the second flow peak l e s s organic g u l l y p o t basal sédiment may 
be m o b i l i s e d , r e s u l t i n g i n l e s s Organic Pb. 
Düring snowmelt 71 (Figure 7.6 and Figure 7.19(c)) the Exchangeable 
f r a c t i o n dominâtes most of the p r o f i l e suggesting the r e l e a s e of road 
Sediment from melting snow. On the r i s i n g limb of the flow peak the 
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Organic f r a c t i o n beccmes important and may o r i g i n a t e from the 
m o b i l i s a t i o n of g u l l y p o t s o l i d s . 
7.2.2,8 Suspended S o l i d Copper F r a c t i o n s 
The suspended s o l i d Cu p r o f i l e s often c o n t a i n a i l three métal 
f r a c t i o n s . The Exchangeable and Organic f r a c t i o n s are most 
représentative of road runoff and g u l l y p o t l i q u o r m o b i l i s a t i o n . The 
Carbonate and Hydrous Metal Oxide f r a c t i o n i n d i c a t e s the e f f e c t of 
h i g h l y o x i d i s i n g road runoff on the reduced g u l l y p o t sédiment system. 
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Figure 7.20 Suspended S o l i d Cu Loadings i n Stormwater. 
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Düring storm 7A (Figure 7.2 and Figure 7.20(a)> the Carbonate and 
Hydrous Metal Oxide f r a c t i o n i s c l e a r l y important f o r Cu transport 
d u r i n g tue f i r s t h a l f of the storm event. Fe/Mn o x i d a t i o n followed by 
Cu c o - p r e c i p i t a t i o n / a d s o r p t i o n Cas was observed f o r Pb) cauld be 
o c c u r r i n g . For s i g n i f i c a n t hydrous metal oxide adsorption the pH must 
be greater than 5.5 f o r Cu and 6.0 f o r Pb as determined by the 
r e s p e c t i v e h y d r o l y s i s constants, i . e . pßi-1.5 (Table 2.9, Chapter 2 ) . 
These c r i t e r i a are met i n the stormwater pipe during storm events. At 
the Oxhey s i t e road runoff i s w e l l buffered during most of the storm 
event and the hydrous metal oxide formation process may w e l l begin i n 
the road surface water microlayer and increase s i g n i f i c a n t l y i n the 
g u l l y p o t . On the Bergsjön catchment the low b u f f e r i n g c a p a b i l i t y of 
road sédiments (see S e c t i o n 6.2,3) means tha t most of the a c i d i c 
r a i n f a l l b u f f e r i n g occurs due to the c o r r o s i o n of the cernent i n the 
concrète pipes. Therefore metal uptake onto hydrous metal oxides may 
be l a r g e l y an in-pipe process at Bergsjön. The h y d r o l y s i s constants, 
pBi-1.5, f o r hydrous oxides (Table 2.9, Chapter 2) of 7.0 and 8,0, f o r 
Zn and Cd r e s p e c t ! v e l y , are not always achieved i n stormwater, 
t h e r e f o r e i t can be argued t h a t hydrous metal oxide co-
p r e c i p i t a t i o n / a d s o r p t i o n i s more important f o r Pb and Cu t r a n s p o r t i n 
stormwater. 
Carbonates are a l s o found i n the Carbonate and Hydrous Metal Oxide 
f r a c t i o n and, l a r g e l y due to the background geology, are l i k e l y t a be 
of importance at Oxhey but r e l a t i v e l y i n s i g n i f i c a n t at Bergsjön. 
S i m i l a r heavy metal uptake onto carbonate surfaces as that of hydrous 
metal oxides might be expected. 
During storm 7A the Organic f r a c t i o n shows an important peak 
coïncident with the flow maximum. This may be a combination of road 
sédiment and g u l l y p o t s o l i d s m o b i l i s a t i o n , although the l a s t 
Exchangeable peak, which i s notably exhausted compared t o flow, i s 
probably a l s o derived from road r u n o f f . 
In storm 7B (Figure 7.3 and Figure 7.20(b)) which fo l l o w e d two days 
a f t e r 7A, the Organic Cu f r a c t i o n c l e a r l y dominâtes with only a small 
Exchangeable peak from f u r t h e r road dust m o b i l i s a t i o n at the end of 
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the storm- Gullypc-t s o l i d s , p a r t i c u l a r l y from g u l l y p o t l i q u o r , may 
e x p l a i n the m u l t i p l e Organic Cu peaks. As f o r storm 7A the road 
sediments and in-pipe sediment may have become g r e a t l y exhausted. The 
m u l t i p l e peaks can then be explained by a v a r i a b l e c o n t r i b u t i n g area 
concept. 
The Exchangeable f r a c t i o n dominates the p r o f i l e i n storm 7F (Figure 
7.4 and Figure 7.20(c)) and may be explained by road runoff sediments, 
p a r t i c u l a r l y i n the l a t e stages of the storm event. The e a r l y 
Exchangeable and Carbonate and Hydrous Metal Oxide f r a c t i o n peaks may 
represent enrichments of Cu due to a combination of pH/ and 
redox/surface area dependent metal uptake processes (see S e c t i o n 
6.2.4). I t can be postulated that fr e e and weakly camplexed Cu, 
mobilised by a c i d r a i n from r o o f s , i s r a p i d l y adsorbed onto the 
surfaces of f r e s h l y formed hydrous metal oxides from the g u l l y p o t s and 
f i n e road runoff s o l i d s . This r e a c t i o n proceeds underground while the 
a c i d i c waters are buffered by the c o n t a i n i n g concrete pipes. The 
Organic Cu f r a c t i o n peak occurs s l i g h t l y a f t e r peak flow and may be 
a t t r i b u t e d t o road runoff and g u l l y p o t s o l i d s m o b i l i s a t i o n . 
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Figure 7.21 Cumulative Loadings f o r Suspended S o l i d Copper F r a c t i o n s 
and P a r t i c u l a t e Organic Carbon i n Snowmelt. 
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The Organic f r a c t i o n can a l s o act as an important uptake mechanism f o r 
Cu. In snowmelt event 71 (Figure 7.6 and Figure 7.21) the cumulative 
l o a d i n g increase of the Exchangeable f r a c t i o n i s gradual, while the 
Organic f r a c t i o n increases d r a m a t i c a l l y during the l i g h t r a i n f a l l 
event, f o l l o w i n g the same trend as f o r p a r t i c u l a t e organic carbon. 
This can be explained by the uptake i n t o the Organic f r a c t i o n of 
d i s s o l v e d Cu species, despite the high i o n i c s t r e n g t h . Uptake onto 
p a r t i c u l a t e organic m a t e r i a l s can ther e f o r e be an inportant species 
c o n t r o l during snowmelt c o n d i t i o n s , e s p e c i a l l y when high organic s o l i d 
loadings overcome the s o l u b i l i s a t i o n e f f e c t s of i o n i c s t r e n g t h . 
7.3 The Impact of Heavy Metals i n Urban Runoff on Freshwater L i f e . 
Two approaches have been t e s t e d f o r determining the p o t e n t i a l l y t o x i c 
e f f e c t of metal species i n stormwater on aquatic l i f e : 
a) Metal s p e c i a t i o n r e s u l t s can be compared t o Water Q u a l i t y Standards 
to a s c e r t a i n whether they are being exceeded. 
b) Dialysis with Receiving Resins a l l o w s an in situ assessment of 
metal t r a n s f e r through a membrane and uptake by organic l i g a n d s . 
7.3. 1 Vater Q u a l i t y Standards Approach. 
Both EPA (EPA 1983) and EEC (Mance and O'Donnell 1983) standards have 
been considered with regard t o p o t e n t i a l t o x i c impacts on freshwater 
l i f e i n r e c e i v i n g waters (as discussed i n Chapter 2) and only the 
proposed EPA standards take i n t o account the impact of i n t e r m i t t e n t 
discharges. To a l l o w f o r d i r e c t e f f e c t s , as w e l l as r e c e i v i n g stream 
d i l u t i o n , the t o t a l metal EPA values can be compared t o Chelex 
Removeable metal, i . e . f r e e and weakly complexed metal l e v e l s , which 
can be considered b i o a v a i l a b l e (Table 7.9). 
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Table 7.9 Percentage Time f o r Exceedance by Metals, of EPA 
Recommended Values f o r I n t e r m i t t e n t Discharges, during 
Urban Runoff. 
% Time Exceeded during Runoff Event 
Zinc Cadmium Lead Copper 
T.V. S.M, T.V. S.M. T.V. S. M. T.V. S. M. 
Storm 7A - 13.3 0.7 76.5 6.5 
Storm 7B - 100 48.3 100 4. 1 
Storm 7F - 4.1 - 53.4 13.3 
Storm 7H - - - 100 63.2 
Snowmelt 71 19.4 41.9 11.6 4.4 - 75.7 68.8 
Snowmelt 7J 48.3 62.5 — 100 100 
T.V, = Threshold Value 
S.M, = Significant flortality 
In stormwater only Cd and Cu appear to be a s i g n i f i c a n t t h r e a t t o 
r e c e i v i n g water Standards. Cadmium i s most s i g n i f i c a n t on the Oxhey 
catchment with considerable periods above both l i m i t s . Copper l s 
c o n s i s t e n t l y above the Threshold L i m i t on both catchments, although 
the S i g n i f i c a n t M o r t a l i t y L i m i t i s only c o n s i s t e n t l y exceeded at 
Bergsjön. Q u a l i t a t i v e evidence f o r the relevance af t h i s exceedance i s 
the complete absence of any observable l i f e i n the urban creek a f t e r 
the o u t f a l l at Bergsjön, despite high stormwater n u t r i e n t l e v e l s 
(Malmqvist 1983). I t i s r e a l i s e d that p e r s i s t e n t t o x i c hydrocarbon and 
n u t r i e n t averloading could a l s o have the same e f f e c t . 
Z i nc, Cu and Cd i n the o u t f a l l waters e x i s t f o r considerable periods 
above the Threshold Value i n snowmelt runoff (Table 7.9). The chronic 
e f f e c t s of these three metals are e s p e c i a l l y important f o r slow 
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snowmelt, where road s a l t i n g provides a continuous r e l e a s e of 
b i o a v a i l a b l e metal species i n t o the drainage system. These c o n d i t i o n s 
o f t e n p r e v a i l f o r s e v e r a l months i n Scandinavia, but f o r a s h o r t e r , 
although sometimes s i g n i f i c a n t , p e r i o d i n the U.K. Only during 
periods, when very heavy c h l o r i d e concentrations i n the runoff exceed 
4-5 g/1, does b i o a v a i l a b l e Pb exceed the t h r e s h o l d value. The 
s i g n i f i c a n t m o r t a l i t y l e v e l f o r snowmelt i s exceeded by Cd and Cu, 
u n d e r l i n i n g the r e c e i v i n g water t h r e a t from these metals. 
7,3. 2 The Dialysis with Receiving- Resins Approach. 
Using the Dialysis with Receiving Resins method (described i n Chapter 
5) snowmelt, baseflow and stormwater have been monitored at Bergsjbn. 
The r e s u l t s , expressed as metal uptake r a t e s , a l l o w some i n d i c a t i o n of 
the r a t e at which metal species i n stormwater could d i f f u s e i n t o , and 
be taken up by, a b i o l o g i c a l c e l l (Table 7.10). 
A f i r s t o bservation i s that baseflow provides a low, but s i g n i f i c a n t , 
metal uptake. This can be a t t r i b u t e d t o the washing of in-pipe 
sediments by i n f i l t r a t i n g groundwater, which has an elevated d i s s o l v e d 
c h l o r i d e l e v e l (100-200 mg C l / 1 ) . 
To understand the s i g n i f i c a n c e of an average 4.9 pg/mnPVhour uptake 
ra t e f o r Zn f o r baseflow a comparison with e s t a b l i s h e d values f o r 
b i o l o g i c a l metal uptake must be made. I t i s not usual f o r surface area 
to be considered i n metal uptake s t u d i e s (Turner 1983). However, 
Turner (1983) has used a value f o r the maximum Zn uptake f l u x , f o r the 
seawater a l g a Phaeodactylum cornutum, of 10~
1 4
 mol/cnP/s 
(2.34 pg Zn/mnP/hour). In using t h i s value d i f f u s i o n i s assumed t o be 
the major metal transport mechanism across the c e l l membrane. As the 
maximum uptake f l u x value i s already exceeded under baseflow 
c o n d i t i o n s f o r Zn then t h i s suggests that the washing of i n - p i p e 
sediments i s already producing enough Zn to contaminate downstream 
organisms. 
-281-
Table 7.10 Dialysis with Receiving Resins Metal Uptake Rates f o r 
Urban Runoff. 
Period Period Sample Receiving Matal Uptake Rate pg/m m
2/hour 
No. Date Resin 
Zinc Cadmium Lead Coppei 
1 24,01,85-28,01.85 Snowtaelt* Chelex 9,4 0,03 0,04 3.9 
Thiol 7.8 0,03 o . u 0,4 
Cysteine 7.8 0,16 nd 2.7 
2 28,01,85-31,01.85 Snowmelt* Cysteine 139,3 0,81 0,79 217,8 
3 31,01,85-04,02,85 Snowmelt* Chelex 20.1 0.26 0,13 6,8 
Cysteine 46,3 0,56 0,55 35,7 
4 04,02,85-07.02,85 Snowmelt Cysteine 10,S 9,5 nd 5,6 
5 07.02,85-11,02,85 SnowmeIt Cysteine 12,9 5,4 0.03 1.9 
6 11,02,85-14,02,85 Snowmelt Cysteine 6,7 0,31 0,06 7,0 
7 14,02.85-18,02,85 Snowmelt Cysteine 12.7 0.64 0.19 1,2 
8 18,02,85-21,02.85 Snowmelt* Cysteine 2,7 nd nd 0,4 
9 21,02,85-25,02,85 Snowffielt* Cysteine 17,1 0,53 0,25 27.2 
10 25.02.85-28,02,85 Snowmelt* Cysteine 16,8 0.68 nd 13,8 
11 28,02,85-04.03.85 Snowmelt* Cysteine 20,9 S.2 0,33 30,0 
12 10,05.85-14,05.85 Baseflow Cysteine 4.2 0,03 0,3 5.9 
13 18.05.85-21,05,85 Baseflow Cysteine 5.5 nd 0,05 2,8 
M 24,05,85-28.05,85 Stormwater Cysteine 38,8 0,09 0,24 10,2 
^Significant Snowoelt 
•Sporadic Snowalt 
nd - not detected 
The stormwater discharge, representing an 8 mm r a i n f a l l depth, has the 
e f f e c t of i n c r e a s i n g metal uptake f o r Zn, Cd and Cu, and p o s s i b l y Zn. 
Ce r t a i n heavy snowmelt periods increase metal uptake g r e a t l y . The 
heaviest melt was during Period 2, which i s r e f l e c t e d i n the high 
metal concentrations found f o r the sampled pe r i o d (snowmelt 71), and 
f o r the Dialysis with Receiving Resins r e s u l t s . 
After Period 3 there was a c o l d two week period (* -10'C to -20*C) 
with l i t t l e snowmelt, but continued baseflow (from groundwater 
i n f i l t r a t i o n ) . The r e s u l t s over t h i s period (Table 7.10) show that i t 
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i s s e v e r a l days before a low uptake r a t e i s reached. This can be 
a t t r i b u t e d t o the c o n t i n u a l washing of in-pipe sediments by baseflow. 
These sediments have been deposited i n the pipe a f t e r the snowmelt 
event and c l e a r l y represent a s i g n i f i c a n t b i o a v a i l a b l e metal source. 
During Periods 1 and 3 a comparison was made between the metal uptake 
r a t e s f o r r e s i n s c o n t a i n i n g d i f f e r e n t complexing l i g a n d s . The 
Chelex-100 and c y s t e i n e r e s i n s removed metals at s i m i l a r r a t e s during 
Period 1, except f o r Cd which was more r e a d i l y taken up by the 
cy s t e i n e r e s i n . In Period 3 the c y s t e i n e r e s i n removed a l l four metals 
at a greater r a t e than Chelex-100. The T h i o l r e s i n had a lower removal 
ra t e than e i t h e r c y s t e i n e or Chelex-100 r e s i n s f o r Cd and Cu, but a 
s i m i l a r r a t e f o r Zn and a higher r a t e f o r Pb. 
Table 7.10 a l s o shows that Cd uptake i s c o n s i s t e n t l y as high, o f t e n 
higher, than Pb, desp i t e a t o t a l Pb co n c e n t r a t i o n i n urban runoff of 
100-1000 times greater than Cd. These r e s u l t s confirm the s p e c i a t i o n 
scheme r e s u l t s which show that Pb i s u s u a l l y predominantly p a r t i c u l a t e 
a s s o c i a t e d and the r e f o r e unable t o enter the c e l l membrane. 
A l t e r n a t i v e l y , Pb i s c o n s i s t e n t l y a s s o c i a t e d with the Strongly Bound 
f r a c t i o n which may not react with c e l l c o n s t i t u e n t s . Zinc and Cd are 
often i n s o l u b l e b i o a v a i l a b l e forms and t h e r e f o r e show s i g n i f i c a n t 
uptake by Dialysis with Receiving Resins. 
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CHAFTER 8 CQHCLUSIQNS AND RECQWKEHTJATIQHS 
£L_1 finmmary nf Findings. 
a) A comprehensive review of the re l e v a n t l i t e r a t u r e has enabled the 
for m u l a t i o n of a p r a c t i c a l and manageable métal s p e c i a t i o n scheme 
which all o w s the b i o a v a i l a b l i l i t y and geochemical m o b i l i t y of métal 
f r a c t i o n s i n stormwater t o be as c e r t a i n e d . The o p e r a t i o n a l l y defined 
d i s s o l v e d phase was separated i n t o f r a c t i o n s r e l a t e d t o the r e l a t i v e 
complexation s t r e n g t h , while the suspended s o l i d phase was 
f r a c t i o n a t e d according t o the r e l a t i v e ease of r e l e a s e of the metals, 
b) Dialysis with Receiving Fesins has been developed as an a l t e r n a t i v e 
method f o r the a n a l y s i s Df métal uptake r a t e s i n stormwater and 
snowmelt. The technique Involves encapsulating a c y s t e i n e r e s i n In a 
d i a l y s i s bag and the measured métal uptake r a t e s , onto the r e s i n , 
a l l o w an interprétation af the p o t e n t i a l impact of b i o a v a i l a b l e métal 
speci e s on the b i o t a of r e c e i v i n g waters. 
c) S i x important processes have been i d e n t i f i e d which c o n t r i b u t e t o or 
a f f e c t the tra n s p o r t of heavy metals through a g u l l y p o t System. 
i ) Atmospheric F a l l o u t 
i l ) A c i d Rain M o b i l i s a t i o n 
i i i ) Free and Weakly Complexed Métal Ion Reaction. 
i v ) pH/Surface Area Dépendent Suspended S o l i d Métal Transport 
v) Métal Increase i n the Gullypot Liquor between Storm Events 
v i ) Gullypot Liquor and Sediment C o n t r i b u t i o n t o Metals i n the 
Gullypot Outfîow 
d) Gullypot métal f r a c t i o n loadings through the g u l l y p o t system were 
found t o r e f l e c t the m o b i l i s a t i o n processes and specie s 
transformations o c c u r r i n g w i t h i n the system. I n d i v i d u a l métal Speeles 
i n d i c a t e the m o b i l i s a t i o n of différent p a r t s of the g u l l y p o t system 
and s p e c i a t i o n changes t h e r e i n . 
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e) Mass balances f o r metals and métal f r a c t i o n s i n the g u l l y p o t system 
show that d i s s o l v e d métal species are r a p i d l y washed through the 
system with the r a t e of the washoff of road sédiment bound métal being 
g r e a t l y increased by a c i d r a i n m o b i l i s a t i o n . The g u l l y p o t l i q u o r and 
i n t e r s t i t i a l sédiment water are washed out af the g u l l y p o t e a r l y i n 
the storm event and are h i g h l y enriched i n metals, which have been 
released from maturing basai sédiments between storm events. As a 
conséquence of the p h y s i c a l m o b i l i s a t i o n of g u l l y p o t basai sédiment, 
and the as s o c i a t e d metals, g u l l y p o t derived s o l i d p o l l u t a n t s may 
become s i g n i f i c a n t during heavy thunderstorms. 
f ) Separately sewered stormwater r u n o f f , sampled at s i t e s i n Sweden 
and the U.K. i s found t o contain s i g n i f i c a n t concentrations and 
loadings of Zn, Cd, Pb and Cu. B i o a v a i l a b l e forms ( E l e c t r o c h e m i c a l l y 
Available/Chelex Removeable + Exchangeable) represent 60% of the Zn, 
76% of the Cd, 66% of the Pb and 32% of the Cu. D i s s o l v e d b i o a v a i l a b l e 
métal loadings are g r e a t l y increased during snowmelt c o n d i t i o n s due t o 
the removal of s o l i d a s s o c i a t e d métal species by the high d i s s o l v e d 
c h l o r i d e concentrations (1-17 g/1). Copper loadings are higher at the 
Swedish s i t e due t a the use of t h i s métal as a c o n s t r u c t i o n m a t e r i a l . 
g) Measurements of the i n d i v i d u a l métal speci e s at the stormwater 
o u t f a l l s show that thèse load at différent r a t e s onto the chemographs. 
The loading r a t e v a r i a t i o n s can be explained i n terms of Controlling 
parameter concentrations, as w e l l as the i n f l u e n c e of m o b i l i s a t i o n and 
transport processes, as described i n ( c ) . B i o a v a i l a b l e Chelex 
Removeable métal peaks o f t e n appear l a t e i n the hydrograph, due to the 
a c i d r a i n m o b i l i s a t i o n of road sédiments, which provides a prolongea 
water q u a l i t y impact f o r the r e c e i v i n g waters when the d i l u t i o n 
c a p a c i t y i s decreasing. I n t e r s t i t i a l sédiment water and g u l l y p o t 
l i q u o r d i s s o l v e d métal species are u s u a l l y washed out of the g u l l y p o t 
e a r l y i n storm events and show a c l o s e r e l a t l o n s h i p t o v a r i a t i o n s i n 
c o n d u c t i v i t y . 
h) A comparison of the observed b i o a v a i l a b l e métal concentrations has 
been made with EPA Water Q u a l i t y Standards. For stormwater, Cd and Cu 
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were found to be a s i g n i f i c a n t t h r e a t t o r e c e i v i n g water q u a l i t y 
o b j e c t i v e s . Snowmelt runoff presented a considérable water q u a l i t y 
t h r e a t i n tenus of Zn, Cd and Cu, as a d i r e c t r e s u i t of road s a l t i n g 
p r a c t i c e . Z i n c , Cd and Cu accumulated s i g n i f i c a n t l y during Dialysis 
with Receiving Resins t e s t s f o r both stormwater and snowmelt. Cadmium, 
which 1s présent i n stormwater at 100-1000 times lower t o t a l 
c o n centration than Pb, shows a s i m i l a r uptake r a t e . This r e f l e c t s the 
importance of s p e c i a t i o n s t u d i e s f o r i d e n t i f y i n g b i o a v a i l a b l e métal 
spe c i e s . 
I m p l i c a t i o n s f o r Stormwater Q u a l i t y C o n t r o l . 
The f i n d i n g s of t h i s study have provided u s e f u l g u i d e l i n e s t a evaluate 
a l t e r n a t i v e municipal p r a c t i c e s f o r the réduction of p o t e n t i a l l y 
harmful e f f e c t s of p r i o r i t y metals contained i n urban runoff on 
r e c e i v i n g waters. 
In the long term the i n t r o d u c t i o n of porous pavements and verge 
soakaways, as w e l l as stormwater storage and treatment f a c i l i t i e s , 
such as détention and lagoons, would provide a s u s t a n t i a l réduction of 
métal loadings i n urban runoff ( H a l l and E l l i s 19S5, Perry and 
Mclntyre 1985). However, the implementation of thèse management 
a l t e r n a t i v e s r e q u i r e r e l a t i v e l y high c a p i t a l and management c o s t s . In 
a d d i t i o n the i n e f f i c i e n c y of conventional storage and treatment 
f a c i l i t i e s f o r the réduction of t o x i c d i s s o l v e d métal species shauld 
not be overlooked, e s p e c l a l l y i f c o s t - e f f e c t i v e o b j e c t i v e s are to be 
met. 
In the short term an o p t i m i s a t i o n of the frequency of g u l l y p o t 
c l e a n i n g , road dust sweeping and dry weather storm sewer f l u s h i n g 
would g r e a t l y improve the q u a l i t y of stormwater r u n o f f , i n terras of 
reducing the amount of métal (as w e l l as s o l i d s , hydrocarbons and 
B i o l o g l c a l Oxygen Demand) a v a i l a b l e f o r r e m o b i l i s a t i o n and washout. In 
p a r t i c u l a r the c o n t r o l of road sédiment métal loadings would g r e a t l y 
reduce the amount of métal which can be removed by a c i d r a i n 
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m o b i l i s a t i o n processes and t h e r e f o r e reduce the concentrations of 
b i o a v a i l a b l e Chelex Removeable metal i n stormwater r u n o f f . This study 
has shown that the r a p i d accumulation and subsequent washout of metals 
through the storm drainage system would r e q u i r e frequent road surface 
and storm pipe c l e a n s i n g procedures on a four to seven day c y c l e t o 
l i m i t p o l l u t i o n from these sources. 
In a d d i t i o n to stepping-up these already w e l l e s t a b l i s h e d engineering 
p r a c t i c e s , r e s t r i c t i o n s on automobile parking would be a relevant 
environmental procedure. Automobiles provide the most s i g n i f i c a n t non-
point source of heavy metal loadings to road dusts. Therefore, parking 
c o n t r o l s and t r a f f i c r e s t r i c t i o n s i n s e l e c t e d areas where the storm 
drainage enters p a r t i c u l a r l y s e n s i t i v e r e c e i v i n g streams or lakes 
could give r i s e t o considerable improvements i n water q u a l i t y . 
During the winter season, e s p e c i a l l y i n c o u n t r i e s with a long winter 
such as Sweden, unnece s s a r i l y heavy road s a l t i n g should be avoided, as 
i t can lead t o h i g h l y elevated b i o a v a i l a b l e metal runoff 
concentrations by a s s i s t i n g the s o l u b i l i s a t i o n process. A r e d u c t i o n of 
road s a l t i n g t o 25% of present l e v e l s would give an estimated decrease 
i n s o l u b l e b i o a v a i l a b l e c o n c e n t r a t i o n of 60% f o r Cd, 80% f o r Cu and 
63% f o r Zn. The r e c e i v i n g water b i o t a would a l s o gain the a d d i t i o n a l 
b e n e f i t from a r e d u c t i o n of osmotic s t r e s s brought on by the high 
i o n i c s trength imposed by snowmelt r u n o f f . 
fL.2 I n d i c a t i o n s f o r Future Research. 
a) This study has shown that g u l l y p o t sediments and t h e i r i n t e r s t i t i a l 
waters undergo chemical and b i o l o g i c a l changes during storm events. 
The e f f e c t and s i g n i f i c a n c e of changes i n c o n t r o l l i n g parameters such 
as redox p o t e n t i a l , c o n d u c t i v i t y and d i s s o l v e d oxygen concentration i n 
a f f e c t i n g metal s p e c i a t i o n changes need t o be analysed i n more d e t a i l , 
to provide a f u l l e r understanding of these i n t e r a c t i o n s . This might 
lead t o a f u l l e r understanding of the processes o c c u r r i n g at the 
i n t e r s t i t i a l water/sediment i n t e r f a c e which a f f e c t g u l l y p o t metal 
s p e c i a t i o n . 
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b) Raof runoff has not been considered i n any d e t a i l i n t h i s study. 
However, i t i s known that high concentratians of Cu e x i s t i n raof 
runoff at the Bergsjbn s i t e due to a c i d r a i n washing. The study of 
s p e c i a t i o n changes, f o r roof runoff d e r i v e d metals, which occur on 
contact with r e l a t i v e l y buffered subsurface stormwater should be of 
i n t e r e s t . In a d d i t i o n , the o v e r a l l r e l a t i v e c o n t r i b u t i o n of road 
runoff t o the r e c e i v i n g water t o x i c i t y levéis <in comparison to road 
surface c o n t r i b u t i o n s ) needs t o be e s t a b l i s h e d . The tim i n g of roof 
inputs could be of some s i g n l f l c a n c e i n both water q u a l i t y and 
management terms. 
c) The r o l e of i n - p i p e sediments i n c o n t r i b u t i n g metal species t o 
urban runoff i s an área which has not yet been i n v e s t i g a t e d . T h i s 
would g r e a t l y a s s i s t i n o b t a i n i n g an understanding of the metal 
s p e c i a t i o n processes throughout the complete stormwater system. The 
Dialysis with Receiving Resins r e s u l t s suggest that i n - p i p e 
sedimentary metal may be released i n t o i n f i l t r a t i n g baseflow and i n t o 
dry weather flows and t h i s might represent a chronic t o x i c i t y t h r e a t 
to r e c e i v i n g waters. 
d) The p r e l i m i n a r y work described i n t h i s t h e s i s concerning the use of 
the Dialysís with Receiving Resins method i n d i c a t e s t h a t t h i s r e q u i r e s 
f u r t h e r i n v e s t i g a t i o n and development, The v e r s a t i l i t y of t h i s method 
can be t e s t e d by a l a b o r a t o r y based study of the uptake e f f i c i e n c y of 
d i f f e r e n t metal spec i e s under varying c o n t r o l l i n g parameter 
c o n d i t i o n s , This would a i d i n the i n t e r p r e t a t i o n of data f o r metal 
uptake r a t e s i n urban runoff and r e c e i v i n g waters. The r e s i n method 
could be f u r t h e r extended to a study on the more p e r s i s t e n t 
hydrocarbons, such as benzo(a)pyrene, by the use of Amberlite XAD-2 as 
a r e c e i v i n g r e s i n . 
e) The ultímate f a t e of the heavy metal species c a r r i e d by urban 
runoff w i l l to a great extent depend on s p e c i a t i o n changes f o l l o w i n g 
contact with the r e c e i v i n g waters. Mixing experiments (Sh o l k o v i t z 
1976) between samples of urban runoff and r e c e i v i n g waters would 
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détermine whether s o l u b l e b i o a v a i l a b l e species remain i n a p o t e n t i a l l y 
t o x i c s t a t e . 
f) An i n t e r d i s c i p l i n a r y study i s r e q u i r e d t o détermine the most co s t -
e f f e c t i v e methods f o r reducing the concentrations and loadings of 
b i o a v a i l a b l e metal species i n stormwater, both i n terms of short and 
long term water q u a l i t y o b j e c t i v e s . This could i n c l u d e an évaluation 
of the performance and e f f i c i e n c y of vari o u s source c o n t r o l methods 
and of v a r i a t i o n s i n g u l l y p o t and i n l e t design. 
g) There i s a need to combine chemical metal s p e c i a t i o n data with 
b i o l o g i c a l monitoring to define the r e l a t i v e metal speci e s 
" s e n s i t i v i t y " of d i f f e r i n g aquatic fauna. By f u r t h e r comparing the 
b i o l o g i c a l uptake response with the Dialysis with Receiving Resins 
method a f u l l évaluation of the newly developed method could be made. 
-289-
REFERENCES 
A l l e n , H.E. , H a l l , R.H., and B r i s b i n , T.D. ( i 9 6 0 ) . Metal S p e c i a t i o n . 
E f f e c t s on Aquatic T o x i c i t y . Environ. S c i . and Tech., 14, 441-443. 
Arrastrong, F.A.J., W i l l i a m s , P.M. and S t r i c k l a n d , J.D.H. (1966). 
Photo-oxidation of Organic Matter i n Seawater by U l t r a v i o l e t 
R a d i a t i o n , A n a l y t i c a l and other A p p l i c a t i o n s . Nature (London), 2_H, 
481-483. 
A r n e l l , V. (1980). D e s c r i p t i o n and V a l i d a t i o n of the CTH-Urban Runoff 
Model. Report S e r i e s A:5, Dep. of H y d r a u l i c s , Chalmers U n i v e r s i t y of 
Technology, Goteborg, Sweden. 
A r n e l l , V. (1982). R a i n f a l l Data f o r the Design of Sewer Pipe Systems. 
Report S e r i e s A:8, Dep. of H y d r a u l i c s , Chalmers U n i v e r s i t y af 
Technology, Gbteborg, Sweden. 
Astruc, M., Lecomte, J . , and Mericam, P. (1981). E v a l u a t i o n of Methods 
f o r S p e c i a t i o n af Heavy Metals i n Water. Environ. Tech. L e t t . , 2., 1-8. 
A t k i n s , E.D, and Hawley, J.R. (1978). Sources of Metals and Metal 
Levéis i n Municipal Wastewaters. Research Report Ho. 80, pp 408, 
M i n i s t r y of the Environment, Ontario, Canada. 
Avdeef, A., Zabronsky, J . , and S t u t l i n g , H.H. (1983). C a l i b r a t i o n of 
Copper Ion Sélective Electrode Respanse to pCu 19. Anal. Chem. , 55. 
298-304, 
Batley , G.E. (1983). The Current Status of Trace Elément S p e c i a t i o n 
Studies i n Natural Waters, In: Leppard, G.G. (éd.), Trace Elément 
S p e c i a t i o n i n Surface Water and i t s E c o l o g i c a l I m p l i c a t i o n s , NATO 
Conf. Ser. V o l . 6., 17-36, Plénum Press. 
-290-
B a t l e y , G.E., and Florence, T.M. (1976a). A Novel Scheme f o r the 
C l a s s i f i c a t l o n of Heavy Metal Species i n Natural Vaters. Anal. L e t t . , 
9_, 379-388. 
Batley, G.E., and Florence, T.M. (1976b). Determination of the 
Chemical Forms of Dissolved Cadmium, Lead and Copper i n Seawater. Mar. 
Chem. , 4., 347-363. 
Batley , G,E., and Gardner, D. (1977). Sampling and Storage of Natural 
Vaters f o r Trace Metal A n a l y s i s . Water Research, Ü , 745-756. 
Batley , G.E. , and Gardner, D. (1978). A Study of Copper, Lead and 
Cadmium S p e c i a t i o n i n some Estuarine and Coastal Marine Waters. Est. 
Coast. Mar. S e l . , 7_, 59-70. 
Beckwith, P.R., F i l i s , J.B. , R e v i t t , D. M. , and O l d f i e l d , F. (1984). 
I d e n t i f i c a t i o n of P o l l u t i o n Sources i n Urban Drainage Systems using 
Magnetic Methods. In; Balmér, P, , Malmqvist, P.A,, and Sjoberg, A. 
(ed.), Urban Storm Drainage, Chalmers U n i v e r s i t y of Technology, 
Gotbenburg, Sweden. 
Beckwith, P.R., B i l i s , J.B., R e v i t t , D.M., and O l d f i e l d , F. (1985). 
Heavy Metal and Magnetic R e l a t i o n s h i p s f o r Urban Source Sediments. 
Phys. Earth and Plan. I n t e r . , In Press. 
Benes, P, and Steinnes, E. (1974). In Sítu D i a l y s i s f o r the 
Determination of the State of Trace Elements i n Natural Waters. Water 
Research, 8L, 947-953. 
Benes, P., and Steinnes, E. (1975). M i g r a t i o n Forms of Trace Elements 
i n Natural Freshwaters and the E f f e c t of Water Storage. Water 
Research, 9_, 741-749. 
Benes, P., and Steinnes, E. (1976). On the use of Radionuclides i n the 
Study and Behaviour and Physico-chemical State of Trace Elements i n 
Natural Waters. In t e r n . J . Environ. Anal. Chem. , 4, 263-274. 
-291-
Best, G.A. (1982). Environmental Q u a l i t y Standards - New Problems f o r 
the A n a l y s t . E f f l u e n t and Vater Treatment J o u r n a l , Nov., 416-420. 
Beveridge, A., and P i c k e r i n g , W.F. (1984). Influence of Su r f a c t a n t s on 
the Determination of Cu, Pb and Cd by ASV. Water Research, 18_, 1119-
1123. 
Bhat, G.A., and Veber, J.H./Tuschall, J.R. and Brezonik, P.L. (1982). 
Exchange of Comments on the Copper Anodic S t r i p p i n g Voltammetry 
Complexometric T i t r a t i o n f o r Complexing C a p a c i t i e s and C o n d i t i o n a l 
S t a b i l i t y Constants. Anal. Chem., 5_4_, 2116-2117. 
Bio-Rad Laboratories (1981). Chelex-100 C h e l a t i n g Ion Exchange Resin 
f o r A n a l y s i s , Removal and Recovery of Trace Metals. Product 
Information 2020. 
B l a e d e l , W.J., and Dinwiddie, D. E. (1974). Study of the Behaviour of 
Copper Ion Sélective E l e c t r o d e s at Submicromolar Concentration L e v e l s . 
Anal. Chem., 46_, 873-877. 
Borgmann, U. (1983). Métal S p e c i a t i o n and T o x i c i t y of Free Métal Ions 
t o Aquatic B i o t a . Adv. Environ. S c i . and Technol. , 13_, 47-72. 
B o u r c i e r , D.R., and Sharma, R.P. (1980). Heavy Metals and t h e i r 
R e l a t i o n s h i p t o S o l i d s i n Urban Runoff. In t e r n . J . Environ. Anal. 
Chem., Z, 273-283. 
Bowen, H.J.M., and Page, E., Valente, I . , and Vade, R.J. (1979). 
Radio-tracer Methods f o r Studying S p e c i a t i o n i n S a t u r a i Waters. J . 
Radioanal. Chem., 4Ji, 9-16. 
Boyle, E.A., Edmond, J.A,, and S h o l k o v i t z , E.R. (1977). The Mechanism 
of Iron Removal i n E s t u a r i e s . Geochim. Cosmochim. Acta. , 4_1_, 1313-
1324. 
-292-
Brinkmann, V.L.F. (1984). The Impact of Loads of Suspended Sediment 
Attached Heavy Metals from an Urban Storm Sewer on the Regulated R i v e r 
Hidda-Rhine/Main Area. In: V e r n i e r , J.P. (ed.), I n t e r a c t i o n s between 
Sediments and Water, 212-215, CEP Consultants L t d . , Edinburgh. 
Broberg, A. (1983). E f f e c t s of Heavy Metals on C e r t a i n M i c r o b i a l 
Processes i n Freshwater Sediments. Abstracts of Uppsala U n i v e r s i t y 
D i s s e r t a t i o n s from the Faculty of Science, No. 671, pp 16. 
Bryan, E.H., (1974). Concentrations of Lead i n Urban Stormwater, J . 
Water P o l l u t i o n Control Fed., 4fi., 2419-2421. 
B u f f l e , J . (1981). S p e c i a t i o n of Trace Elements i n Natural Vaters. 
Trends Anal. Chem., 1, 90-95. 
B u f f l e , J . (1984). Personal Communication. 
B u f f l e , J . , Greter, F., a n d H a e r d i , V. (1977). Measurement of 
Complexation P r o p e r t i e s Df Humlc and F u l v i c Acids i n Natural Waters 
with Lead and Copper Ion S e l e c t i v e E l e c t r o d e s . Anal. Chem., 4_9_, 216-
222. 
B u f f l e , J . , Deladoey, P., and Haerdi, W. (1978). The Use of 
U l t r a f i l t r a t i o n f o r the Separation and F r a c t i o n a t i o n of Organic 
Ligands i n Fresh Vaters. A n a l y t i c a Chim. Acta. 10.1, 339-357. 
Burba, P., and V i l l m e r , P.G. (1982a). Determination of Heavy Metal 
Traces In Natural Vaters by Flame-AAS a f t e r Multielement 
Preconcentration on Cellulose-HYPHAN. Vom Wasser, 5_8_, 43-58. 
Burba, P., and Willmer, P.G. (1982b). C e l l u l o s e as A n a l y t i c a l 
Adsorbent f o r Heavy Metal Traces. Vom Vasser, 59_, 139-157, 
-293-
Campbell, P.G.C., Bisson, M., Gagné, E., and T e s s i e r , A. (1977). 
C r i t i c a l E valuation of the C o p p e r ( l l ) S o l u b i l i s a t i o n Method f o r the 
Determination of the Complexation Capacity of Natural Vaters. Anal, 
Chem. , 49., 2358-2363. 
Cawse, P.A. (1974). A Survey of Atmospheric Trace Elements i n the U.K. 
(1972-1973). AERE Harwell Report No. R-7669, HMSO, London. 
Chao, T. T. (1972). S e l e c t i v e D i s s o l u t i o n of Manganese Oxides from 
S o i l s and Sediments with A c i d i f i e d Hydroxylaraine Hydrochloride. S o i l 
S c i . Soc. Amer. Proc. , 20., 764-768. 
Chau, Y.K. (1973). Complexing Capacity of Natural Water - I t s 
S i g n i f i c a n c e and Measurement. J , Chromât. S c i . , IX, 579. 
Chau, Y.K., and Lum-Shue-Chan, K. (1974). Determination of L a b i l e and 
Strongly Bound Metals i n Lake Water. Water Research, 8_, 383-388. 
Chau, Y.K., Gatcher, R., and Lum-Shue-Chan, K. (1974). Determination 
of the Apparent Complexing Capacity of Lake Waters. J . F i s h . Res. 
Board Can. , 3_1, 1515-1519. 
Cherian, M.G., and Goyer, R.A. (1978). M e t a l l o t h i o n e i n s and t h e i r Role 
i n the Metabolism and T o x i c i t y of Metals. L i f e S c i . , 23., 1-10. 
Chester, R,, and Hughes, H.J. (1967). A Chemical Technique f o r the 
Separation of Ferro-Manganese Mi n e r a l s , Carbonate M i n e r a l s and 
Adsorbed Trace Elements from P e l a g i c Sediments. Chem. Geol., 2_, 249-
262. 
Christensen, E.R., and Guinn, V.P. (1979). Zinc from Automobile Tyres 
i n Urban Runoff, J . Environ. Eng. Div. , ASCE, 1£5_, 165-168. 
-294-
Cole, R.H., F r e d e r i c k , R.E., Healy, R.P., and Rolan, R.G. (1984). 
Findings of the P r i o r i t y P o l l u t a n t Monitoring P r o j e c t of the 
Nationwide Urban Runoff Program, J . Vater P o l l u t i o n Control Fed., 56. 
898-908. 
C o l w i l l , D.M., Peters , C.J., and Perry, R. (1984). Vater Q u a l i t y of 
Motorway Runoff. TRRL Supplementary Report 823. 
Cox, J.A., Slonawska, K., G a t c h e l l , D.K., a n d H i e b e r t , A.G. (1984). 
Metal S p e c i a t i o n by Donnan D i a l y s i s . Anal. Chem., 5_6_, 650-653. 
Crosser, M.L., and A l l e n , H.E. (1977). Determination of Complexation 
Capacity of Soluble Ligands by Ion Exchange E q u i l i b r i u m . S o i l S c i . , 
123_, 176-181. 
Culberson, CH., Liang, Y.J., Church, T.M., and Vood, R.H. (1982). A 
Chelating Gel f o r C o l l e c t i o n of Copper from Seawater. Anal. Chim. 
Acta, 139_, 373-377. 
Davey, E.V., Morgan, M.J., and E r i c k s o n , S.J. (1973). A B i o l o g i c a l 
Measurement of the Copper Complexation Capacity of Seawater, Limnol; 
Oceanogr., Ift, 993-997. 
Davies, P.H., G o e t t l , J.P., S i n l e y , J.R., and Smith, N.F. (1976). 
Acute and Chronic T o x i c i t y of Lead to Rainbow Trout, Salmo Gairneri, 
i n Hard and S o f t Vater, Water Research, 10_, 199-206. 
Davis, J.A., and Le c k i e , J.O. (1978). E f f e c t of Adsorbed Complexing 
Ligands on Trace Metal Uptake by Hydrous Oxides. Environ. S c i . and 
Technol., 12., 1309-1315. 
Deford, D.D., and Hume, D.N. (1951). The Determination of Consecutive 
Formation Constants of Complex Ions from Polarographie Data. J . Amer. 
Chem. Soc. , 23_, 5321-5322. 
-295-
De Jong, I.G., and V i l e s , D.R, (1976). Molecular A c t i v a t i o n A n a l y s i s 
and i t s A p p l i c a t i o n t o Methylmercury Determination i n Various Marine 
Samples. J . F i s h . Res. Board Can., 23., 1324-1330. 
De Mora, S.J., and Harrison, R.M. (1983a). Review Paper - The Use of 
Ph y s i c a l Separation Techniques i n Trace Metal S p e c i a t i o n S t u d i e s . 
Vater Research, H , 723-733. 
De Mora, S.J., and Harrison, R.M. (1983b). The Physico-chemical 
S p e c i a t i o n of Lead i n Tapwater. In: M u l l e r , G. (ed.), Heavy Metals i n 
the Environment, 1207-1210, CEP Consultants L t d . , Edinburgh. 
De Mora, S.J., and Harr i s o n , R.M. (1984). A C r i t i c a l E v a l u a t i o n of 
Size E x c l u s i o n Chromatography f o r Lead S p e c i a t i o n Studies.In; 
Environmental Contamination, 124-130, CEP L t d . , Edinburgh. 
Duinker, J.C., and Kramer, C.J.M. (1977). An Experimental Study on the 
Sp e c i a t i o n of Dissolved Z i n c , Cadmium, Lead and Copper i n River Rhine 
and North Sea Vater, by D i f f e r e n t i a l Pulsed Anodic S t r i p p i n g 
Voltammetry. Mar. Chem,, 207-228. 
E i s e n r e i c h , S.J., Hoffmann, M.R., R a s t e t t e r , D., Yost, E. , and Maier, 
V.J. (1980). Metal Transport Phases i n the Upper M i s s i s s i p p i R i v e r . 
In: Kavanaugh, M.C., and Leckie, J.O. (ed.), P a r t i c u l a t e s i n Water, 
136-176, ACS Symposium S e r i e s No. 189, Amer. Chem. Soc.,Washington 
D.C. 
E l l i s , J.B. (1975). Urban Stormwater P o l l u t i o n . Research Report 1, 
Middlesex P o l y t e c h n i c , London, U.K. 
E l l i s , J.B. (1976). Sediments and Vater Q u a l i t y of Urban Stormwater. 
Vater S e r v i c e s , fifi, 730-734. 
-296-
E l l i s , J.B. (1977). The C h a r a c t e r i s a t i o n of P a r t i c u l a t e S o l i d s and 
Q u a l i t y of Water Discharged from an Urban Catchment. In: E f f e c t s of 
Urbanisation an the Hyd r o l o g i c a l Regime and Vater Q u a l i t y , 283-291, 
IAHS/UNESCO, Amsterdam. 
E l l i s , J.B. (1982). B l i g h t s and B e n e f i t s of Urban Stormwater Q u a l i t y 
C o n t r o l . In: Featherstone, R.E., and James, A, (ed.), Urban Drainage 
Systems, 39-57, Pitmans, London. 
E l l i s , J.B. (1985) Personal Communication. 
E l l i s , J.B., and R e v i t t , D.K. (1982). Incidence of Heavy Metals i n 
S t r e e t Surface Sediments: S o l u b i l i t y and Gr a i n Si z e S t u d i e s . Wat. A i r 
S o i l P o l l u t . , 1Z, 87-100. 
E l l i s , J.B., R e v i t t , D.M., Shutes, R.B.E., and Hamilton, R.S. (1985). 
The E f f e c t s of Urbanisation on Receiving Water Q u a l i t y : Heavy Metal 
T o x i c i t y . In: E f f e c t s of Land Use an Fresh Waters, Vater Research 
Centre/World Health Organisation. In Press. 
EPA, (1983) U.S. Environmental P r o t e c t i o n Agancy, T o x i c i t y G u i d e l i n e s . 
F i n a l Report t o the Nationwide Urban Runoff Programme, Vol.1., Water 
Planning D i v i s i o n , Washington D.C. 
Farrah, H., and P i c k e r i n g , W.F. (1976a). The S o r p t i o n of Zinc Species 
by Clay Minerals. Aust. J . Chem., 29_, 1649-1656. 
Farrah, H., and P i c k e r i n g , W.F. (1976b). The S o r p t i o n of Copper 
Species by Clays, 1, K a o l i n i t e . Aust. J . Chem., 29_, 1167-1176. 
Farrah, H., and P i c k e r i n g , V.F. (1977). The S o r p t i o n of Lead and 
Cadmium Species by Clay M i n e r a l s . Aust. J . Chem., 3_&, 1417-1422. 
Farrah, H. , and P i c k e r i n g , W.F. (1979). pH E f f e c t s i n the Adsorption 
of Heavy Metals Ions by Cla y s . Chem. Geal., 25_, 317-326. 
-297-
Farrah, H., Hatton, D., and P i c k e r i n g , V.F. (1980). The A f f i n i t y of 
Metal Ions f o r Clay Surfaces. Chem. Geol., 28_, 55-68. 
Fendler, J.H. (1984). Membrane Mimetic Chemistry. Chem. Br., D e c , 
1098-1103. 
Fernandez, F . J . (1977). Metal S p e c i a t i o n using Atomic Absorption as a 
Chromatography Detector: A Review. Atom. Abs. Newslettr. , 1&, 33-36. 
Ferrer-Herranz, J.L., and Pérez-Bendito, D. (1981). K i n e t i c 
Determination of Copper(II) by i t s C a t a l y t i c E f f e c t on the Oxidation 
of 4,4*-Dihydroxybenzophenone Thiosemicarbazone by Hydrogen Peroxide. 
Anal. Chim. Acta, 122., 157-164. 
Fig u r a , P., and McDuffie, B. (1977). C h a r a c t e r i s a t i o n of the Calcium 
Form of Chelex-100 f o r Trace Metal Studies. Anal. Chem., 4_9_, 1950-
1953. 
F i g u r a , P., and McDuffie, B. (1979). Use of Chelex Resin f o r 
Determination of L a b i l e Trace Metal F r a c t i o n s i n Aqueous Ligand Media 
and Comparison of the Method with Anodic S t r i p p i n g Voltammetry. Anal. 
Chem. , S I , 120-125. 
Fig u r a , P., and HcDuffie, B. (1980). Determination of L a b i l i t i e s of 
Soluble Trace Metal Species i n Aqueous Environmental Samples by Anodic 
S t r i p p i n g Voltammetry and Chelex Column and Batch Methods. Anal. 
Chem. , 5_2_, 1433-1439. 
F i s h e r , H,S., and P r i c e , G.J. (1981), Heavy Metals and Marine 
Phytoplankton: C o r r e l a t i o n of T o x i c i t y and S u l f h y d r y l Binding. J . 
Phycol., 11, 108-111. 
F l e t c h e r , I . J . , and P r a t t , C.J. (1981). Mathematical S i m u l a t i o n of 
P o l l u t a n t C o n t r i b u t i o n s t o Urban Runoff from Roadside G u l l y p o t s . In; 
Yen, B.C. (ed.), 116-124, Urban Storm Drainage, I l l i n o i s , U.S.A. 
-298-
Florence, T.H., (1977). Trace Metal Species i n Fresh Vaters. Vater 
Research, H , 681-687. 
Florence, T.M. (1982a). The S p e c i a t i o n of Trace Metals i n Vaters. 
Talanta, 29_, 345-364. 
Florence, T.M. (1982b). Development of Physico-Chemical S p e c i a t i o n 
Procedures t o Investigate the T o x i c i t y of Copper, Lead, Cadmium and 
Zinc towards aquatic b i o t a . A n a l y t i c a Chim. Acta, 141, 73-94. 
Florence, T.M. (1983). Trace Element S p e c i a t i o n and Aquatic 
Toxicology, Trends Anal. Chem., 2., 162-166. 
Florence, T.M., and Batley , G.E. (1975). Removal of Trace Metals from 
Seawater by a Chelating Resin. Talanta, 22_, 201-204. 
Florence, T.M., and Batley , G.E, (1976). Trace Metal Species i n 
Seawater-I. Removal of Trace Metals from Seawater by a C h e l a t i n g 
Resin. Talanta, 23_, 179-186. 
Florence, T.M., and Batley, G.E. (1977). Determination of the Chemical 
Forms of Trace Metals i n S a t u r a i Vaters with S p e c i a l Reference t o 
Copper, Lead, Cadmium and Zinc. Talanta, 2A. 151-158. 
Florence, T.M., and Batley , G.E. (1980). Chemical S p e c i a t i o n i n 
Natural Vaters. CRC C r i t . Rev. Anal. Chem., Aug., 219-296. 
Florence, T.M., Lumsden, B.G., and Fardy, J . J . (1983). E v a l u a t i o n of 
some Physico-chemical Techniques f o r the Determination of the F r a c t i o n 
of D i s s o l v e d Copper Toxic t o the Marine Diatom, Sitzschia Closterium, 
A n a l y t i c a Chim. Acta, ISA, 281-295. 
Forday, V., and G r e e n f i e l d , P.P. (1983). Anaerobic D i g e s t i o n . E f f l u e n t 
and Vater Treatment J o u r n a l , Oct,, 405-413. 
-299-
Forstner, U., and Patchineelam, S.R. (1980). Chemical A s s o c i a t i o n s of 
Heavy Metal i n P o l l u t e d Sediments from the Lower Rhine R i v e r . In: 
Kavanaugh, M.C, and L e c k i e , J.O. (ed,), 177-193, P a r t i c u l a t e s i n 
Vater, ACS Symposium S e r i e s No. 189, Amer. Chem. Soc., Vashington D.C. 
Forstner, U., and Salomons, V. (1983). Trace Element S p e c i a t i a n i n 
Surface Vaters: I n t e r a c t i o n s with P a r t i c u l a t e Matter. In: Leppard, 
G.G. (ed.), 245-273, Trace Element S p e c i a t i o n i n Surface Vaters and 
i t s E c o l o g i c a l I m p l i c a t i o n s , NATO Conf. Ser., V o l . 6, Plenum Press. 
Frazer, J.V., Balaban, D,J., Brand, H.R., Robinson, G.A., and Lanning, 
S. M. (1983). Determination with Ion S e l e c t i v e E l e c t r o d e s i n the Low 
Level Non-Nernstian Response Region. Anal. Chem., 5Ji, 855-861. 
Freedman, M.E., Cunningham, P.M., S c h i n d l e r , J.E., and Zimmerman, 
M. J . , (1980). E f f e c t of Lead S p e c i a t i o n on T o x i c i t y . B u l l . Environ. 
Cont. T o x i c o l . , 25., 389-393. 
Frimmel, V.H.F, D i e t z , F., Ebert, J . , Huber, V., Keck, E., Kempfh, H. , 
Meier, V., R e i c h e r t , J.K., Schüttler, U., Schoner, M., and Vernet, J . 
(1980). Determination of Complexation Capacity I I . r e a c t i o n of 
Suspended Copper-Phosphate and Defined Ligands, Z, Vasser Abwasser 
Forsch., 1, 12-15. 
Gadde, F.F., and L a i t i n e n , H.A. (1974). S t u d i e s of Heavy Metal 
Adsorption by Hydrous Iron and Manganese Oxides. Anal. Chem. , 46, 
2022-2026. 
Gatcher, R., Davies, J.S., and Mares, A. (1978). Regulation of Copper 
A v a i l a b i l i t y t o Phytoplankton by Macromolecules i n Lake Vater. 
Environ. S e i . Tech., 12, 1416-1421. 
Geisy, J.P., Leversee, G.J., and V i l l i a m s , D.R. (1977). E f f e c t s of 
N a t u r a l l y Occurring Aquatic Organic F r a c t i o n s on Cadmium T o x i c i t y t o 
Simocephalus Serrulatus (Daphnidae') and Gambusia Affinis 
iPoecilildae'). Vater Research, 11, 1013-1020. 
-300-
G e r r i t z e , R.G., and Salomons, V. (1983). The Chromatographic Behaviour 
of Heavy Matal Species i n Sephadex Gel Columns. Environ. Tech. L e t t . , 
4, 463-468. 
Gibbs, R.J, (1973). Mechanisms of Trace Metal Transport i n R i v e r s . 
Science, 183, 71-73. 
G i l l e s p i e , P.A., and Vaccaro, R.F. (1978). A B a c t e r i a l Bioassay f o r 
Measuring the Copper-chelation Capacity of Seawater. Limnol. 
Oceanogr.
 (
 23., 543-548. 
Gupta, S.K., and Chen, K.Y. (1975). P a r t i t i o n i n g of Trace Metals i n 
S e l e c t i v e Chemical F r a c t i o n s of Nearshore Sediments. Environ. L e t t . , 
10_, 129-158. 
Guy, R.D., Chakrabarti, C.L., and Schramm, L.L. (1975). The 
A p p l i c a t i o n of a Simple Chemical Model of Natural Waters to Metal 
F i x a t i o n i n P a r t i c u l a t e Matter. Can. J . Chem. , 53, 661-669. 
Guy, R.D., and Ch a k r a b a r t i , C.L. (1976). A n a l y t i c a l Techniques f o r the 
S p e c i a t i o n of Heavy Metal Ions i n the Aquatic Environment. Chem. Can., 
54, 26-29. 
Guy, R.D., and Kean, A.R. (1980). Algae as a Chemical S p e c i a t i o n 
Monitor-I. A Comparison of A l g a l Growth and Computer C a l c u l a t e d 
S p e c i a t i o n . Water Research, 14, 891-899. 
Hamilton, R.S., and Adie, G. (1982). S i z e , Shape and Elemental 
A s s o c i a t i o n s i n an Urban Aerosol. S c i . Tot. Environ., 23., 393-402. 
Hamilton, R.S., R e v i t t , D,M., and Warren, R.S. (1984). Levels and 
Physico-Chemical a s s o c i a t i o n s of Cd, Cu, Pb and Zn i n Road Sediments. 
S c i . Tot. Env., 33, 59-74. 
-301-
Haraguchi, K., Nakagawa, K.
(
 Ogata, T\ , and I t o , S. (1980). 
Simultaneous K i n e t i c Determination of ppb Levels of Manganese and Zinc 
with Signal Accumulation of Stopped Flow Spectrophotometry, Bunseki 
Kagaku, 2_9_, 809-810. 
Harrison, K.M. (1983). The Determination of Concentrations and 
Physico-Chemical S p e c i a t i o n of Environmental P o l l u t a n t s . S p e c i a l 
P u b l i c a t i o n s - R o y a l S o c i e t y of Chemistry, 67-86. 
Harr i s o n , R.M., and Wilson, S.J. (1983). Heavy Metal P o l l u t i o n of Road 
Drainage Water. In: M u l l e r , G. (ed.), Heavy Metals i n the Environment, 
684-687, CEP Consultants L t d . , Edinburgh. 
Harrop, 0. (1983). Stormwater P o l l u t i o n from Highway Surfaces: A 
Review. Research Report 6, Urban P o l l u t i o n Research Centre, Middlesex 
P o l y t e c h n i c , U.K. 
Harrop, 0 (1984). Stormwater Runoff and Water Q u a l i t y i n Urban 
Catchments. Ph.D. Thesis, Middlesex P o l y t e c h n i c , Middlesex. 
Harrop, 0., R e v i t t , D.M., and E l l i s , J.B. (1983). Temporal Loadings of 
Sediment and Heavy Metals to Roadside G u l l y p o t s . In: M u l l e r , G. (ed.), 
Heavy Metals i n the Environment, 1108-1111, CEP Consultants L t d . , 
Edinburgh. 
Hart, B.T. (1980). A Study of the Physico-Chemical Forms of Trace 
Metals i n Natural Waters and Wastewaters. A u s t r a l i a n Water Resources 
C o u n c i l , Technical Paper No. 35. 
Hart, B.T. (1981). Trace Metal Complexing Capacity of Natural Waters: 
A Review. Environ. Tech. L e t t . , 2_, 95-110. 
Hart, B.T., and Davies, S.H.R. (1977). A Batch Method f o r the 
Determination of Ion-exchangeable Trace Metals i n Natural Waters. 
Aust. J . Mar. Freshwater Res. , 28., 397-402. 
-302-
Hart, B.T., and Davies, S.H.R. (1981). Trace Metal S p e c i a t l o n i n the 
Freshwater and Estuarine Regions of the Yarra R i v e r , V i c t o r i a . E s t . 
Coast. Shelf S c i . , 12_, 353-374. 
Harvey, R.W., Lion, L.V., Young, L.Y., and Leckie, J.O. <1982). 
Enrichment and A s s o c i a t i o n of Lead and B a c t e r i a at P a r t i c u l a t e 
Surfaces i n a Salt-Marsh Surface Layer. J . Mar. Res., 4J1, 1201-1211. 
Hasle, J.R., and Abdullah, M.I. <1981). A n a l y t i c a l F r a c t i o n a t i o n of 
Diss o l v e d Copper, Lead and Cadmium i n Coastal Seawater. Mar. Chem., 
10_, 487-503. 
Hem, J.D. (1980). Redox P r e c i p i t a t i o n Mechanisms of Manganese Oxides. 
In: Kavanaugh, M.C. , and Lec k i e , J.O. (ed.), P a r t i c u l a t e s i n Vater, 
45-72, ACS Symposiuum S e r i e s No. 189, Amer. Chem. S a c , Washington 
D.C. 
Heydorn, K., and Damsgaard, E, (1982). Gains or Losses of U l t r a t r a c e 
Elements i n Polyethylene Containers. Talanta, 29_, 1019-1024. 
Hoffmann, M.R., Yost, E.C., E i s e n r e i c h , S.J., and Maier, V.J. (1981). 
C h a r a c t e r i s a t i o n of Soluble and C o l l o i d a l - P h a s e Metal Complexes i n 
River Vater by U l t r a f i l t r a t i o n , A Mass-Balance Approach. Environ. S c i . 
Tech. , 15., 655-661. 
Hohl, H., Sigg, L., and Stumm, V. (1980). C h a r a c t e r i s a t i o n of Surface 
Chemical P r o p e r t i e s of Oxides i n Natural Waters. In: Kavanaugh, M.C., 
and L e c k i e , J.O, (ed.), P a r t i c u l a t e s i n Water, 1-31, ACS Symposium 
S e r i e s Bo. 189, Amer. Chem. Soc., Washington D.C. 
Horkeby, G., and Malmqvist, P.A. (1977). Microsubstances i n Urban 
Stormwater. SNV PM 926, Chalmers Tech. Univ., Goteborg, Sweden. 
Huang, C P . , E l l i o t , H. A. , and Ashmead, R. M. (1977). Adsorption of 
Metals on S i l i c a . J . Water P o l l u t . C o n t r o l Fed.. 49_, 745-748. 
-303-
I 
Jackson, M.L. (1958). S o i l Chemical A n a l y s i s . P r e n t i c e - H a l l , N.J. 
J a i n , R. , and S c h u l t z , J.S. (1984). Data A n a l y s i s f o r Concentration 
Measurements i n the Nonlinear Reponse Region of Ion S e l e c t i v e 
E l e c t r o d e s . Anal. Chem. , 5JL, 141-147. 
James, R.O., and Healy, T.W. (1973). Adsorption of Hydrolysable Metal 
Ions i n the E l e c t r i c a l Double Layer on Haematite (a-Fe^Cb). J . 
C o l l o i d . Interface S c i . , 4J1, 437-441 
J a s i n s k i , R. , Trachtenberg, I . , and Andrychuk, D. (1974). 
Pote n t i o m e t r i c Measurement of Copper i n seawater with Ion S e l e c t i v e 
E l e c t r o d e s . Anal. Chem., £6_, 364-369. 
Jenne, E.A. (1968). C o n t r o l s on Mn, Fe, Co, N i , Cu and Zn 
Concentrations i n S o i l s and Water: The S i g n i f i c a n t Role of Hydrous Mn 
and Fe Oxides. In: Baker, R.A. (ed.), Trace Inorganics i n Water, 337-
387, ACS Symposium S e r i e s No. 73, Amer. Chem. Soc., Washington D.C. 
Kavanaugh, M.C., and Lec k i e , J.O. (1980). Preface. In: Kavanaugh, 
H.C., and Leckie, J.O. (ed.), P a r t i c u l a t e s i n Water, ACS Symposium 
S e r i e s No. 189, Aroer. Chem. Soc., Washington D.C. 
Kojiraa, Y. , and Kagi, J.H.R. (1978). M e t a l l o t h i o n e i n . TIBS, Apr., 90-
93. 
Kosta, L. (1982). Contamination as a L i m i t i n g Parameter i n Trace 
A n a l y s i s . Talanta, 23., 985-992. 
Kunkel, R., and Manahan, S.E. (1973). Atomic Absorption A n a l y s i s of 
Strong Heavy Metal C h e l a t i n g Agents i n Water and Wastewater. Anal. 
Chem. , £5_, 1465-1468. 
-304-
t 
LaPoint, T.V., Melancom, S.M., and K a r r i s , M.K. (1984). R e l a t i o n s h i p s 
among Observed Metal Concentrations, C r i t e r i a and Benthic Community 
S t r u c t u r a l Responses i n 15 Streams. J . Wat. P o l l u t i o n Control Fed., 
5S., 1030-1038. 
Lawson, P.S., S t e r i t t , R.M., and L e s t e r , J.N. (1984). The S p e c i a t i o n 
of Metals i n Sewage and Ac t i v a t e d Sludge E f f l u e n t . Vat. A i r S o i l 
P o l l u t . , 21, 387-402. 
Laxen, D.P.H. (1983). Cadmium Adsorption i n Freshwaters - A 
Quan t i t a t i v e A p p r a i s a l of the L i t e r a t u r e . S c i . Tot. Environ., 3_0_, 129-
146. 
Laxen, D.P.H., and Harr i s o n , R.M. (1981a). A Scheme f o r the Physico-
Chemical S p e c i a t i a n of Trace Metals i n Freshwater Samples, S c i . Tot. 
Environ,, 19_, 59-82. 
Laxen, D.P.H., and Harr i s o n , R.M. (1981b). The Physico-Chemical 
S p e c i a t i o n of Cd, Pb, Cu, Fe, Mn i n the F i n a l E f f l u e n t of a Sewage 
Treatment Vorks and i t s Impact on S p e c i a t i o n i n the Receiving Vater. 
Vater Research, 15., 1053-1065. 
Laxen, D.P.H., and Harr i s o n , R.M. (1983) Physico-Chemical S p e c i a t i o n 
of Selected Metals i n the Treated E f f l u e n t of a Lead-Acid Battery 
Manufacturer and i n the Receiving Vater. Vater Research, IX, 71-80. 
Leppard, G,G., and Burnison, B.K. (1983). B i o a v a i l a b i l i t y , Trace 
Element A s s o c i a t i o n s with C o l l o i d s and an Emerging I n t e r e s t i n 
C o l l o i d a l F i b r i l s . In: Leppard, G.G. (ed.), Trace Element S p e c i a t i o n 
i n Surface Waters and i t s E c o l o g i c a l I m p l i c a t i o n s , 105-122, NATO Conf. 
Ser. V o l . 6, Plenum Press. 
Lerch, K. (1980). Copper M e t a l l o t h i o n e i n , a Copper Binding P r o t e i n 
from Neurospora Crassa. Nature, 184. 368-370. 
-305-
L i o n , L.V., Attmann, R.S., and L e c k i e , J.O. (1982). Trace Metal 
Adsorption C h a r a c t e r i s t i c s of Estuarine P a r t i c u l a t e Matter: E v a l u a t i o n 
of C o n t r i b u t i o n s of Fe/Mn and Organic Surface Coatings. Environ. S c i . 
Tech. , 16_, 660-666. 
Lindholm, 0., and Balmer, P. (1978). P o l l u t i o n i n Storm Runoff and 
Combined Sewer Overflows . In: H e l l i w e l l , P. (ed.), Urban Storm 
Drainage, 575-585, Pentech Press, Plymouth. 
L i s p e r , P. (1974). Om Dagvattnets Sammansâttning och dess V a r i a t i o n . 
(The V a r i a t i o n of the Composition of Stormwater) Ph.D. Thesis, 
Chalmers U n i v e r s i t y of Technology, Goteborg. 
L i u , C., and Sun, P. (1981). Pr e p a r a t i o n and A n a l y t i c a l P r o p e r t i e s of 
a C h e l a t i n g Resin Containing Cysteine Groups. A n a l y t i c a Chim. Acta, 
132., 187-193. 
Lum, K.R., and Edgar, D.G. (1983). Determination of Chemical Forms of 
Cadmium and S i l v e r i n Sediments by Zeeman E f f e c t Flame Atomic 
Absorption Spectrometry, An a l y s t , 1Û8_, 918-924. 
Luoma, S.B. (1983). B i o a v a i l a b i l i t y of Trace Metals t o Aquatic 
Organisms - A Review. S o i . Tot Environ., 23., 1-22. 
Luoma, S.H., and Bryan, G.W, (1981). A S t a t i s t i c a l Assessment of the 
Form of Trace Metals i n Oxidised Estuarine Sediments employing 
Chemical E x t r a c t a n t s . S c i . Tot. Environ. , 17_, 165-196. 
Luoma, S.N., and Davis, J.A. (1983). Requirements f o r Modelling Trace 
Metal P a r t i t i o n i n g i n Oxidised Estuarine Sediments. Mar. Chem. , 12., 
159-181. 
-306-
Magnussem, V.R., H a r r i s , D.K., Sun, M.S., Taylor, D.K., and Glass, 
G.E. (1979). R e l a t i o n s h i p s of A c t i v i t i e s of Metal-Ligand Species to 
Aquatic T o x i c i t y . In: Jenne, E.A. (ed.), Chemical Modelling i n Aqueous 
Systems, 633-654, ACS Symposium S e r i e s Ho. 93, Amer. Chem. Soc., 
Washington D.C. 
Malmqvist, P.A. (1983). Urban P o l l u t a n t Sources - An A n a l y s i s of 
Inflows and Outflows of Nitrogen, Phosporus, Lead, Zinc and Copper i n 
Urban Areas. Dept. of S a n i t a r y Engineering D i s s . Ser., Chalmers Univ. 
Tech., Göteborg, Sweden. 
Malmqvist, P.A., and Svensson, G. (1977), Urban Stormwater P o l l u t i o n 
Sources. In: E f f e c t s of Urbanisation on the H y d r o l o g i c a l Regime and 
Water Q u a l i t y , 31-38, Publ. No. 123, IAHS/UNESCO, Amsterdam. 
Mance, G. (1981). The Q u a l i t y of Urban Storm Discharges - A Review. 
Rept. 192-H, Water Research Cente, Stevenage, U.K. 
Mance, G., and Harman, M.M.I. (1978). The Q u a l i t y of Urban Stormwater 
Runoff. In: H e l l i w e l l , P.R. (ed.), 603-618, Urban Storm Drainage, 
Pentech Press, Plymouth. 
Mance, G., and O'Donnell, A.R. (1983). A p p l i c a t i o n of the European 
Communities D i r e c t i v e on Dangerous Substances t o L i s t I I Substances i n 
the U.K., Wat. S e i . Tech., 16_, 159-169. 
Mantoura, R.F.C., Dickson, A., and R i l e y , J.P. (1978), The 
Complexation of Metals with Humic M a t e r i a l s i n Natural Waters. E s t . 
Coast Mar, S e i . , 6_, 387-408. 
Mart, L. (1982). Minimising of Accuracy R i s k s i n Voltammetric 
U l t r a t r a c e Determination of Heavy Metals i n Natural Waters. Talanta, 
29_, 1035-1040. 
Matson, W.R. (1968). Ph.D. Thesis, Massachusetts I n s t i t u t e of 
Technology. 
-307-
Midgeley, D. (1981). Detection L i m i t s of Ion S e l e c t i v e E l e c t r o d e s . Ion 
S e l e c t i v e Electrode Rev. , 3_, 43-104. 
M i l l e r o , F . J . (1974). Seawater as a Multicompartment E l e c t r o l y t e 
S o l u t i o n . In: Galdberg, E.D. (ed.), The Sea, Vol.5, Marine Chemistry, 
3-81, V i l e y - I n t e r s c i e n c e , New York. 
Montgomery, J.E., and Santiago, R.J. (1978). Zinc and Copper i n 
" P a r t i c u l a t e " Forms and "Soluble" Complexes with Inorganic or Organic 
Ligands i n the Guanajibo River and Coastal Zone, Puerto Rico. Est. 
Coast Mar. S e i . , 6_, 111-116. 
Morrison, G.M.P., R e v i t t , D.M., E l l i s , J.B., Svensson, G., and Balmer, 
P. (1984a). V a r i a t i o n s of Diss o l v e d and Suspended S o l i d Heavy Metals 
through an Urban Hydrograph. Environ. Tech. L e t t . , Z, 313-318. 
Morrison, G.M.P., R e v i t t , D.M., E l l i s , J.B., Svensson, G., and Balmer, 
P. (1984b). The Transport Mechanisms, Phase I n t e r a c t i o n s and E f f e c t s 
of Heavy Metals i n Snowmelt Runoff. In: V e r n i e r , J.P. (ed.), 
I n t e r a c t i o n s between Sediments and Water, 226-229, CEP Consultants 
Lt d . , Edinburgh. 
Morrison, G.M.F., Sjölander, B.,and Svensson, G. (1985). The 
Continuous On-Llne Monitoring of Environmental P o l l u t a n t s i n 
Stormwater. Vatten, 4_i, 91-96. 
Mottola, H.A., Haro, M.S., and F r i e s e r , H. (1968). Use of Metal Ion 
C a t a l y s i s i n Detection and Deytermination of Mlcroamounts of 
Complexing Agents. Anal. Chem. , £0_, 1263-1265. 
Mouvet, C. (1984). Accumulation of Chromium and Copper by the Aquatic 
Moss Fontinalis Äntipyretica L. ex Hedw. Transplanted i n a Metal 
Contaminated R i v e r . Environ. Tech. L e t t . , 5_, 541-548. 
Movers, E.M., and F r i t z , J.S. (1976). Separation of Metal Ions using a 
H e x y l t h i o g l y c o l a t e Resin, Anal. Chem., 4Ü, 1117-1120. 
-308-
k 
Bąkano, S., Kuramoto, K. , and Kawashima, T. (1981). Determination of 
U l t r a t r a c e Amounts of Capper by the C a t a l y t i c O x i d a t i o n of Variamine 
Blue B Leuco Base Analog i n the Presence of Hydrogen Peroxides. Nippon 
Kag. K a i s h i , 1, 91-97. 
Neubecker, T.A., and A l l e n , H.E. (1983). The Measurement of 
Complexation Capacity and C o n d i t i o n a l S t a b i l i t y Constants f o r Ligands 
i n Natural Waters. Water Research, 17_, 1-14. 
Newton, CD. , Shepherd, W.V. , and Coleman, M.S. (1974). S t r e e t Runoff 
as a Source of Lead P o l l u t i o n , J . Wat. P o l l u t i o n C o n t r o l Fed., 46. 
999-1000. 
Nissenbaum, A. (1972). D i s t r i b u t i o n of Several Metals i n Chemical 
F r a c t i o n s of Sediment Core from the Sea of Okhotsk. I s r . J . Earth 
S e i . , 2 i , 143-154. 
Oberts, G.L. (1985). Magnitude and Problems of Nonpoint P o l l u t i o n from 
Urban and Urbanizing Areas. In: Non Point P o l l u t i o n Abatement 
Symposium, K-III-1 t o K-III-19, Marquette Univ., U.S. 
Owe, M. , C r a u l , P.J., and Halverson, H.G. (1982). Contamination Levels 
i n P r e c i p i t a t i o n and Urban Surface Runoff. Water Resour. B u l l . , 
863-868. 
Perry, R., and Mclntyre, A.E. (1985). Impact of Motorway Runoff upon 
Surface Water Q u a l i t y . In: E f f e c t s of Land Use on Fresh Waters, 
WRC/WHO, Water Research Centre, Stevenage. In Press. 
Perry, R. H. , and C h i l t o n , C H . (1982). Chemical Engineers Handbook. 
5th E d i t i o n , McGraw H i l l . 
Petersen, R. (1982). Influence of Copper and Zinc on the Growth of a 
Freshwater Alga, Scendesmus quadricauda: The S i g n i f i c a n c e of Chemical 
S p e c i a t i o n . Environ. S e i . Tech., IS., 443-447. 
-309-
ft 
P h i l l i p s , R.J., and F r i t z , J.S. (1978). Chromatography of Metal Ions 
with a T h i o g l y c o l a t e C h e l a t i n g Resin. Anal. Chem. , 5J)L, 1504-1508. 
P i k , A.J., Eckert, J.M., and W i l l i a m s , K.L. (1982). S p e c i a t i o n of 
Iron, Capper and Zinc i n the Hawkebury R i v e r . Aust. J . Mar. Freshwater 
Res. , a3_, 971-977. 
P i n t a , M. (1978). In: Modern Methods f o r Trace Element A n a l y s i s , 51-
56, Ann Arbor Science. 
Ramamoorthy, S., and Morgan, K. (1983). Physicochemical S p e c i a t i o n of 
Toxic F r a c t i o n s of Wastewaters. Reg. T o x i c o l . Pharm. , 3_, 172-177. 
Randall, C.W., H e l s e l , D.R., G r i z z a r d , T.J., and Hoehn, R.C. (1978). 
The Impact of Atmospheric Contaminants on Stormwater Q u a l i t y i n an 
Urban area. Prog. Water Tech., 1&, 417-429. 
Reuter, J.H., and Perdue, E.M. (1977). Importance of Heavy Metal-
Organic Matter I n t e r a c t i o n s i n Natural Waters. Geochimica Cosmochim. 
Acta, 41, 325-334. 
R e v i t t , D. M. , and E l l i s , J.B. (1980). Rain Water Leachates of Heavy 
Metals i n Road Surface Sediments. Water Research, 14, 1403-1407. 
R e v i t t , D.M., E l l i s , J.B., and O l d f i e l d , F. (1981). V a r i a t i o n of Heavy 
Metals i n Stormwater S o l i d s i n a Separate Sewer System. In: Yen, B.C. 
(ed.), Urban Storm Drainage, 49-58, Water Resources Publ., Colorado, 
U.S. 
R i l e y , J.P., and Taylor, D. (1968). C h e l a t i n g Resins f o r the 
Concentration of Trace Elements from Seawater and t h e i r a n a l y t i c a l use 
i n Conjunction with Atomic Adsorption Spectrophotometry. Anal. Chim. 
Acta, 40_, 479-485. 
-310-
R o e s i j a l d i , G. (1980). The S i g n i f i c a n c e of Low Molecular Veight 
M e t a l l o t h i o n e i n - l i k e P r o t e i n s i n Marine Invertebrates: Current Status. 
Mar Environ. Res., 4_, 167-179. 
Rudd, T., S t e r l t t , R.M., and L e s t e r , J.N. (1984). Complexation of 
Heavy Metals by E x t r a c e l l u l a r Polymer i n the A c t i v a t e d Sludge Process. 
J . Wat. P o l l u t i o n Control Fed., 5j5_, 1260-1268. 
Saar, R.A., and Weber, J.H. (1982). F u l v l c Acid: M o d i f i e r of Metal-Ion 
Chemistry. Environ. S e i . Tech. , 16., 510A-517A. 
Salomons, W., and Forstner, U. (1980). Trace Metal A n a l y s i s on 
P o l l u t e d Sediments I I . E v a l u a t i o n of Environmental Impact. Environ. 
Tech. L e t t . , 1, 506-517. 
S c h n i t z e r , M., and Kahn, S.U. (1972), In: Humic Substances i n the 
Environment, Dekker, New York. 
Schubert, J . (1948). The use of Ion Exchangers f o r the Determination 
of Physical-Chemical P r o p e r t i e s of Substances, p a r t i c u l a r l y 
R adiotracers i n S o l u t i o n I. J , Phys. C o l l o i d . Chem. , 52., 340-350. 
Shaheen, D.G. (1975). C o n t r i b u t i o n of Urban Roadway Usage to Vater 
P o l l u t i o n . EPA-600/2-75-00, Washington, U.S.A. 
Sheldon, R.V. (1972). S i z e Separation of Marine Seston by Membrane and 
G l a s s - F i b e r F i l t e r s . Limnol. Oceanogr., H , 494-498. 
S h o l k o v i t z , E.R. (1976). F l o c c u l a t i o n of D i s s o l v e d Organic and 
Inorganic Matter During the Mixing of River Vater and Seawater. 
Geochimica Cosmochim. Acta, âÛ, 831-845. 
S h o l k o v i t z , E.R., Boyle, E.A., and P r i c e , N.B. (1978). The Removal of 
D i s s o l v e d Humic Acids and Iron d u r i n g Estuarine Mixing. Earth Planet. 
S e i , L e t t . , 4JI, 130-136. 
-311-
Shuman, L.M. (1977). Adsorption of Zn by Fe and A l Hydrous Oxides as 
Inflenced by Ageing and pH. S o i l S e i . Soc Amer. J . , ü , 703-706. 
Shuman, M.S., and Voodward, G. P. (1973). Chemical Constants of Metal 
Complexes from a Complexometric T i t r a t i o n Followed with Anodic 
S t r i p p i n g Voltammetry. Anal. Chem. , 45_, 2032-2035. 
Shuman, M.S., and Voodward, G. P. (1977). S t a b i l i t y Constants of 
Copper-Organic Chelates i n Aquatic Samples, Environ. S e i . Tech., 11, 
809-813. 
Shuman, M.S., and Cromer, J.L. (1979). Copper A s s o c i a t i o n with F u l v i c 
and Humic Acids. Estimation of C o n d i t i o n a l Formation Constants with a 
T i t r i m e t r i c Anodic Strpping Voltammetry Procedure. Environ. S e i . 
Tech. , 13_, 543-545. 
S o i l Survey (1974). In: Avery, B.V, , and Bascomb, C.L. (ed.), S o i l 
Survey Laboratory Methods. S o i l Survey Technical Monograph No. 6, 
83pp. 
Spear, P.A. (1981). Zinc i n the Aquatic Environment, Chemistry, 
D i s t r i b u t i o n and Toxicology. National Research C o u c i l of Canada, 
Report No. 17589. 
Steinberg, C. (1980). Species of Dissolved Metals d e rived from 
O l i g o t r o p h i c Hard Vater. Vater Research, 14_, 1239-1250. 
Steinnes, E. (1983). P h y s i c a l Separation Techniques i n Trace Element 
S p e c i a t i o n S t u d i e s . In: Leppard, G.G. (ed.), Trace Element S p e c i a t i o n 
i n Surface Vaters, 37-47, NATO Conf. Ser. Vol.6, Plenum Press. 
S t e r r i t t , R. M., and L e s t e r , J.N. (1984a). Comparison of Methods f o r 
the Determination of C o n d i t i o n a l S t a b i l i t y Constants of Heavy Metal-
F u l v i c A c i d Complexes. Vater Research, 18_, 1149-1153. 
-312-
ft 
S t e r r i t , R.M. , and L e s t e r , J.N. (1984b). S i g n i f i c a n c e and Behaviour of 
Heavy Metals i n Wastewater Treatment Processes. I l l S p e c i a t i o n i n 
Wastewaters and Related Complex M a t r i c e s . S c i . Tot. Environ., 3JL 117-
141. 
S t e r i t t , R.M., and L e s t e r , J.N. (1985). Aspects of the Determination 
of Complexation Parameters f o r M e t a l - P a r t i c u l a t e Complexes i n 
A c t i v a t e d Sludge. Water Research, 19_, 315-321. 
S t i f f , M.J. (1971). The Chemical S t a t e s of Copper i n P o l l u t e d 
Freshwater and a Scheme of A n a l y s i s t o D i f f e r e n t i a t e them. Water 
Research, 5_, 585-599. 
Stumm, W. (1983). Metal P o l l u t a n t s i n Waters: Their E f f e c t , 
C o n t r o l l i n g Factors and Ultimate Fate. In: M u l l e r , G. (ed.), Heavy 
Metals i n the Environment, 1-8, CEP Consultants L t d . , Edinburgh. 
Stumm, W., and Brauner, P.A. (1975). Chemical S p e c i a t i o n . In: R i l e y , 
J.P., and Skirrow, G. (ed.), Chemical Oceanography V o l . 1, 173-239, 
2nd E d i t i o n , Academic Press. 
Sugai, S.F., and Healy, M.L. (1978). Voltammetric S t u d i e s of the 
Organic A s s o c i a t i o n of Copper and Lead i n two Canadian I n l e t s . Mar. 
Chem. , 6_, 291-308. 
Sunda, W.G., and G i l l e s p i e , P.A. (1979). The Response of a Marine 
Bacterium to Cupric Ion and i t s use to Estimate Cupric Ion A c t i v i t y i n 
Seawater. J . Mar. Res., 3_7_, 761-777. 
Svennson, G. (1983). Personal Communication. 
T e s s i e r , A., Campbell, P.G.C., and Bisson, M. (1979). Sequential 
E x t r a c t i o n Procedure f o r the S p e c i a t i o n of P a r t i c u l a t e Trace Metals. 
Anal. Chem. , 51, 844-851. 
-313-
Theis, T.L., and Dodge, E.E. (1979), E f f e c t of Chemical S p e c i a t i o n on 
the Uptake of Copper by Chironomous tentans. Environ. S e i . Tech., 13_, 
1287-1288. 
Thomson, E.A., Luoma, S.N., Johansson, C.E., and Cain, D.J. (1984). 
Comparison of Sediments and Organisms i n I d e n t i f y i n g Sources of 
B i o l o g i c a l l y A v a i l a b l e Trace Metal Contamination. Vater Research, 18. 
755-765. 
Turner, D.R. (1983). R e l a t i o n s h i p s between B i o l o g i c a l A v a i l a b i l i t y and 
Chemical Measurements. In: S i g e l , H. (ed,), Metal Ions i n B i o l o g i c a l 
Systems V o l . 18, 137-164, Marcel Dekker, Sew York. 
T u s c h a l l , J.R., and Brezonik, P.L. (1981). E v a l u a t i o n of the Copper 
Anodic S t r i p p i n g Voltammetry Complexometric T i t r a t i o n f o r Complexing 
C a p a c i t i e s and C o n d i t i o n a l S t a b i l i t y Constants. Anal. Chem., 53_, 1986-
1989. 
Urbonas, B., and Tucker, L.S. (1980). Stormwater Q u a l i t y - F i r s t 
E f f o r t s i n Denver. J . Tech. Council ASCE, 106, 53-71. 
Van Den Berg, C.M.G,, and Kramer, J.R. (1979a). Determination of 
Coraplexing C a p a c i t i e s of Ligands i n S a t u r a l Vaters and C o n d i t i o n a l 
S t a b i l i t y Constants of the Copper Complexes by means of Manganese 
Dioxide. A n a l y t i c a Chim Acta, 1Q6_, 113-120. 
Van Den Berg, C.M.G., and Kramer, J.R. (1979b). C o n d i t i o n a l S t a b i l i t y 
Constants f o r Copper Ions w i t h Ligands i n Natural Vaters. In: Jenne, 
E. A. (ed.), Chemical Modelling i n Aqueous Systems, 115-132, ACS 
Symposium S e r i e s No. 93, Amer. Chem. Soc., Vashington D.C. 
Van Loon, J.C. (1979). Metal S p e c i a t i o n by Chromatography/Atomic 
Spectrometry. Anal. Chem. , 5J., 1139A-1150A. 
-314-
Vuorinen, A. (1983). Emission of Lead by Highway T r a f f i c : Lead 
F i x a t i o n and S p e c i a t i o n . In: M u l l e r , G.(ed.), Heavy Metals i n the 
Environment, 159-162, CEP Consultants L t d . , Edinburgh. 
Welte, B. , and M o n t i e l , A. (1980). Méthode de Détermination des Formes 
sous l e s q u e l l e s se trouvent l e s M i c r o p o l l u t a n t s Minéraux, T.S.M.-
L'eau, Z5., 100-104. 
W e s t a l l , J . (1980). Chemical E q u i l i b r i u m Including Adsorption on 
Charged Surfaces. In: Kavanaugh, M.C., and L e c k i e , J.O. (ed.), 
P a r t i c u l a t e s i n Water, 33-44, ACS Symposium S e r i e s No. 189, Amer. 
Chem. Soc., Washington D.C. 
W h i t f i e l d , M. (1975). Seawater as an E l e c t r o l y t e S o l u t i o n . In: R i l e y , 
J.P., and Skirrow, G. (ed.), Chemical Oceanography V o l . 1, 44-162, 2nd 
E d i t i o n , Academic Press, London. 
W h i t f i e l d , M., and Turner, D.R. (1979). C r i t i c a l Assesment of the 
R e l a t i o n s h i p between Thermodynamic and Electrochemical A v a i l a b i l t y . 
In: Jenne, E.A. (ed.), Chemical Modelling i n Aqueous Systems, 657-680, 
ACS Symposium S e r i e s No. 93, Amer. Chem. Soc., Washington D.C. 
Wilber, V.G., and Hunter, J.V. (1979). D i s t r i b u t i o n of Metals i n 
Street Sweepings, Stormwater S o l i d s and Urban Aquatic Sediments. J . 
Wat, P o l l u t i o n Control Fed. , 5LL, 2810-2822. 
Wilkinson, R. (1956). The Q u a l i t y of R a i n f a l l Runoff Water from a 
Housing E s t a t e . I n s t . P u b l i c Health Eng. J . , 5Ji, 70-84. 
Wilson, S.J. (1984). Physico-chemical Studies of Metals i n the Highway 
Environment. Ph.D. Thesis, Dept. of Environmental Sciences, U n i v e r s i t y 
of Lancaster. 
Winner, R.W. (1985). Bioaccumulation and T o x i c i t y of Copper as 
a f f e c t e d by I n t e r a c t i o n s between Humic Acid and Water Hardness. Water 
Research, 19_, 449-455. 
-315-
Zevenhuisen, L.P.T.M., D o l f i n g , J . , Eshuis, E.J.
t
 and Scholten-
Koersehman, I . J . C1979). I n h i b i t o r y E f f e c t s of Copper on B a c t e r i a 
Related to the Free Ion Concentration. M i c r o b i a l . Ecology, 5_, 139-146. 
Zunino, H., Galindo, G., Peirano, P., and A g u i l e r a , M. (1972). Use of 
the Resin Exchange Method f a r the Détermination of S t a b i l i t y Constants 
of M e t a l - S o i l Organic Matter Complexes. S o i l S c i . , HA, 229-233. 
-316-
APPENDIX 
The appendix contains the f o l i o w i n g papers published i n i n t e r n a t i o n a l 
Journals or presented at i n t e r n a t i o n a l conférences: 
A. Heavy Metal P a r t i t i o n i n g between the Dissolved and Suspended 
S o l i d Phases af Stormwater Runoff from a R e s i d e n t i a l Area. The 
Science of the T o t a l Environment, 33, 287, (1984). 
B. V a r i a t i o n s of Dissolved and Suspended S o l i d Heavy Metals 
thraugh an Urban Hydrograph. Environmental Technology L e t t e r s , 
7, 313-318, (1984). 
C. The Physico-Chemical S p e c i a t i o n of Z i n c , Cadmium, Lead and 
Copper i n Urban Stormwater. In: Balmér, P., Malmqvist, P,, 
Sjöberg, A. (eds.), Planning and Control of Urban Storra 
Drainage, 989-1000. Chalmers U n i v e r s i t y of Technology, 
Gothenburg, Sweden. (1984). 
D. The Transport Mechanisms, Phase I n t e r a c t i o n s and E f f e c t s of 
Heavy Metals i n Snowmelt Runoff. In: V e r n i e r , J.P. (ed), 
I n t e r a c t i o n s between Sediments and Water, 226-229, CEP 
Consultants L t d . , Edinburgh. (1984). 
E. The Transport Mechanisms and Phase I n t e r a c t i o n s of 
B i o a v a i l a b l e Heavy Metals i n Snowmelt Runoff. Journal of 
Environmental Geology and Water Science. In Press. 
F. A Physico-Chemical S p e c i a t i o n Scheme f a r the A n a l y s i s of 
Cadmium, Copper, Lead and Zinc i n Urban Stormwater Runoff. 
Poster C o n t r i b u t i o n to the 30th I n t e r n a t i o n a l Congress of Pure 
and App l i e d Chemistry. (1985). 
G. The Continuous On-Line Monitoring of Environmental P o l l u t a n t s 
i n Stormwater, Vatten, 41, 91-96. (1985). 
The co-authors include; 
D.M. R e v i t t , J.B. E l l i s , G, Svensson, P. Balmér, B. Sjölander. 
The Science of the Total Environment, 33 (I9S4) 287 
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands 
HEAVY METAL PARTITIONING BETWEEN THE DISSOLVED AND SUSPENDED 
SOLID PHASES OF STORMVATER RUNOFF FROM A RESIDENTIAL AREA. 
G.M.P. MORRISON
1
, D.M. REVITT
1
. J.B. ELLIS
1
, P. 3ALMER
2
 and 
G. SVENSSON
2
. 
1
 Urban P o l l u t i o n Research Centre, Middlesex Polytechnic, 
Queensway, E n f i e l d , Middlesex, EN3 hSFt U.K. 
2 
Department of Sanitary Engineering, Chalmers U n i v e r s i t y . 
Got eburg, Sweden. 
. Highway surface sediments and t h e i r associated heavy metals may 
•be r a p i d l y mobilised during r a i n f a l l a c t i v i t y and washed to receiv­
ing waters. Stormwater solids contain predominantly fine p a r t i c l e s 
which are generally enriched with heavy metals. Consequently t o t a l 
metal 1eve Is in the suspended s o l i d phase of urban runoff are 
generally higher than i n corresponding street surface sediments. 
The dissolved phase of urban runoff waters has been shown to con­
t a i n between 5$ and 50^ of the t o t a l heavy metals with cadmium i n 
p a r t i c u l a r being very soluble i n road runoff. 
This paper considers the v a r i a t i o n in the d i s t r i b u t i o n of Cd, 
Cu, Pb and Zn between the soluble and p a r t i c u l a t e phases of runoff 
samples co l l e c t e d throughout two consecutive storms over the period 
2k February to 2 March 1983. The catchment area i s a 2^7ha housing 
estate located i n the outer fringes of N.V, London. Samples were 
c o l l e c t e d at 7-7 min. i n t e r v a l s during each storm and were separated 
into dissolved and suspended phases by f i l t r a t i o n through 0.4 u^rn 
polycarbonate f i l t e r s . Following acid extraction of each f r a c t i o n 
the metals were analysed by D i f f e r e n t i a l Pulse Anodic S t r i p p i n g 
Voltammetry. 
Cd, Cu and Zn in the runoff from both storms aro found to be 
present mainly i n the dissolved phase whereas Pb i s most strongly 
associated with the suspended s o l i d phase. "The proportion of a l l 
metals becomes quite s i g n i f i c a n t towards the end of the second 
storm. The patterns of flow-weighted metal loadings during the 
storms indicate that Cu, Pb and Zn are mainly derived from road 
runoff whereas the aberrent behaviour of Cd suggests another source 
or corabination of sources. 
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ABSTRACT 
In, Cd and Cu i n stormwater r u n o f f from an urban catchment are 
found to be present mainly i n the d i s s o l v e d phase, whereas Pb i s most 
s t r o n g l y a s s o c i a t e d w i t h the suspended s o l i d phase. High l e v e l s of 
m e t a l s , p a r t i c u l a r l y Cu, are found i n stormwater s o l i d s which may be due 
to the h i g h percentage of p a r t i c u l a t e o r g a n i c m a t e r i a l i n the r u n o f f . 
The metal l o a d i n g s over the storm event f o r the d i s s o l v e d and suspended 
s o l i d a s s o c i a t e d metals show s i m i l a r d i s t r i b u t i o n s to the f l o w and sus­
pended s o l i d s r e s p e c t i v e l y . However, i n some cases secondary peaks and 
d e v i a t i o n s due to d i s s o l v e d metal s c a v e n g i n g are observed. . 
INTRODUCTION 
Highway s u r f a c e sediments o f t e n c o n t a i n e l e v a t e d l e v e l s of heavy 
metals which are r a p i d l y m o b i l i s e d d u r i n g r a i n f a l l a c t i v i t y and washed 
i n t o r e c e i v i n g waters ( 1 , 2 ) . The a s s o c i a t e d o u t f a l l s to the urban run­
o f f . which o f t e n d r a i n r e l a t i v e l y l a r g e catchments, e x e r t a c o n s i d e r a b l e 
heavy metal f l u x l o c a l l y on the r e c e i v i n g stream. 
Runoff volume, l a n d use and antecedent d r y p e r i o d l e n g t h have been 
i d e n t i f i e d as r e g u l a t i n g these p u l s e s of heavy metals ( 3 ) i a l t h o u g h 
d i l u t i o n - e x h a u s t i o n may occur where the supply of heavy metals i s l i m i t e d 
by i n i t i a l a v a i l a b i l i t y . Other l i m i t i n g f a c t o r s may be where d i f f e r i n g 
sub-catchments l o a d onto the storm hydrograph at d i f f e r e n t t i m e s , o r 
where a t r a n s p o r t l i m i t ed s i t u a t i o n a r i s e s . 
The two main i nputs of heavy metals to highway s u r f a c e s are from 
atmospheric and v e h i c u l a r s o u r c e s . Rainwater can c o n t r i b u t e s i g n i f i c a n t 
q u a n t i t i e s of heavy metals and may a l s o sparge, 1 each and f l u s h the h i gh-
way s u r f a c e { h ) . The heavy metals on the road s u r f a c e , m o s t l y d e r i v e d 
from v e h i c u l a r e m i s s i o n s , a r e l a r g e l y adsorbed onto or a s s o c i a t e d w i t h 
highway p a r t i c u l a t e s ( 5 ) . 
Heavy metals i n urban r u n o f f waters may be s t r o n g l y a t t r a c t e d to the 
suspended s o l i d phase (6-9) w i t h good c o r r e l a t i o n s e x i s t i n g between sus­
pended s o l i d s ar.d heavy m e t a l s . F i n e p a r t i c l e s predominate i n storm-
water s o l i d s {k) and thfese p a r t i c l e s are g e n e r a l l y e n r i c h e n wi t h heavy 
m e t a l s ( 2 , 1 0 ) . C o n s e q u e n t l y t o t a l h e a v y m e t a l l e v e l s i n s t o r m w a t e r 
s o l i d s a r e g e n e r a l l v h i g h e r t h a n i n c o r r e s p o n d i n g raw s t r e e t s e d i m e n t s 
( 1 1 , 1 2 ) . 
T h i s p a p e r d i s c u s s e s c o n c e n t r â t i o n s , l o a d i n g s a n d t e m p o r a l d i s t r i b -
u t i o n p a t t e r n s o f h e a v y m e t a l s i n u r b a n r u n o f f , a n d i s p a r t o f a l a r g e r 
s t u d y b e i n g u n d e r t a k e n o f t h e s e p r o b l e m s {1 3 , 1 ^ ) • 
E X P E R I M E N T A L 
S t o r m w a t e r s a m p l e s f r o m two s t o r m s w e r e c o l l e c t e d a t t h e m a j o r o u t -
f a l l o f a 21k h a s e m i - d e t a c h e d h o u s i n g e s t a t e c a t c h m e n t l o c a t e d i n t h e 
o u t e r f r i n g e s o f NV L o n d o n . 5 C 0 m l p o l y e t h y l e n e b o t t l e s , w h i c h h a d b e e n 
w a s h e d s u c c e s s i v e l y w i t h c h r o m i c a c i d a n d n i t r i c a c i d (10$>) , w e r e p l a c e d 
i n a n a u t o m a t i c s a m p l e r a n d s a m p l e s c o l l e c t e d a t i n t e r v a l s o f 7 - 7 m i n u t e 
a f t e r t h e f l o w r a t e h a d r e a d i e d 91 l i t r e s s e c - 1 . T h e s a m p l e s w e r e s t o r e 
i n a r e f r i g e r a t o r a t k°C a n d 2 3 a l t e r n a t e s a m p l e s f r o m two s t o r m s c o v e r -
i n g t h e p e r i o d 2k F e b r u a r y t o 2 M a r c h 1 9 8 3 w e r e a n a l y s e d . 
T h e d i s s o l v e d a n d s u s p e n d e d s o l i d p h a s e s o f t h e s t o r m w a t e r w e r e 
s e p a r a t e d b y f i l t r a t i o n t h r o u g h 0 . ^ urn N u c l e o p o r e p o l y c a r b o n a t e f i l t e r s , 
u s i n g a p o l y e t h y l e n e M i l l i p o r e f i l t r a t i o n s y s t e m . A f t e r f i l t r a t i o n t h e 
s u s p e n d e d s o l i d p h a s e was a i r d r i e d ( 5 0 ° C ) a n d t h e d i s s o l v e d p h a s e 
s t o r e d a t U°C. 
T h e c o n c e n t r a t i o n s o f s u s p e n d e d s o l i d s w e r e d e t e r m i n e d g r a v i m e t r i c -
a l l y , w h i l s t d i s s o l v e d o r g a n i c c a r b o n was q u a n t i f i e d u s i n g a n I o n i c s 
1 2 5 8 O r g a n i c C a r b o n A n a l y s e r . D i s s o l v e d c h l o r i d e was d e t e r m i n e d s p e c t r o 
p h o t o m e t r i c a l l y , a f t e r t h e a d d i t i o n o f m e r c u r i c t h i o c y a n a t e , u s i n g a 
T e c h n i c o n A u t o - A n a l y s e r . 
A n a l y s i s o f Z n , C d , Pb a n d C u was c a r r i e d o u t u s i n g a P r i n c e t o n 
M o d e l 38k P o l a r o g r a p h i c A n a l y s e r i n t h e D i f f e r e n t i a l P u l s e A n o d i c S t r i p -
i n g V o l t a m m e t r y (DPASV) m o d e . 
To r e l e a s e t h e s o l u b l e m e t a l s , a n o x i d i s i n g m i x t u r e o f c o n c e n t r a t e d 
n i t r i c a c i d ( 0 . 1 8 m l ) a n d c o n c e n t r a t e d p e r c h l o r i c a c i d ( 0 . 0 2 m l ) was 
a d d e d t o a n a l i q u o t o f t h e d i s s o l v e d p h a s e ( 2 5 m l ) . T h e m i x t u r e was 
h e a t e d o n a s a n d b a t h a n d a f t e r e v a p o r a t i o n t o d r y n e s s t h e r e s i d u e was 
t a k e n u p i n 1M H N O 3 ( l O r n l ) . F o l l o w i n g d i l u t i o n t o 2 5 m l t h e m e t a l 
l e v e l s i n a n a l i q u o t ( / m l ) w e r e d e t e r m i n e d a f t e r t h e a d d i t i o n o f 2M 
s o d i u m a c e t a t e b u f f e r s o l u t i o n ( 3 m l ) . 
T h e p a r t i c u l a t e a s s o c i a t e d m e t a l s w e r e d i g e s t e d w i t h c o n c e n t r a t e d 
n i t r i c a c i d ( 1 8 m l ) a n d c o n c e n t r a t e d p e r c h l o r i c a c i d ( 2 m l ) t o e x t r a c t 
t h e m e t a l s . T h e r e s u l t i n g e x t r a c t was e v a p o r a t e d t o d r y n e s s a n d t h e 
m e t a l s t a k e n up i n 1M K N O 3 ( 1 0 m l ) . T h e s o l i d s w e r e w a s h e d w i t h d o u b l e 
d i s t i l l e d d e i o n i s e d w a t e r ( 1 0 m l ) a n d t h e s u p e r n a t a n t s c o m b i n e d . T h e 
m e t a l l e v e l s i n a n a l i q u o t ( 7 m l ) , f r o m a t o t a l v o l u m e o f 2 5 m l , w e r e 
d e t e r m i n e d b y DPASV a f t e r t h e a d d i t i o n o f 2 M s o d i u m a c e t a t e ( 3 m l ) . 
T h e p r e c i s i o n o f t h e a n a l y s i s was b e t t e r t h a n + 1 0 $ f o r t h e s u s -
p e n d e d s o l i d a s s o c i a t e d m e t a l s a n d b e t t e r t h a n + 2 5 $ f o r t h e s o l u b l e 
m e t a l ' s . 
R E S U L T S AND D I S C U S S I O N 
T h e t o t a l l o a d i n g s a n d a v e r a g e c o n c e n t r a t i o n s o f h e a v y m e t a l s 
o v e r b o t h s t o r m s ( T a b l e 1 ) show t h a t much h i g h e r l o a d i n g s o f Z n a n d C d 
o c c u r a s d i s s o l v e d , a s d i s t i n c t f r o m p a r t i c u l a t e , m e t a l . C u i s d i s -
t r i b u t e d f a i r l y e v e n l y b e t w e e n b o t h p h a s e s w h i l e Pb i s p r e d o m i n a n t l y 
p a r t i c u l a t e a s s o c i a t e d . T h e p r e f e r e n c e f o r t h e d i s s o l v e d p h a s e c o m -
p a r e d t o t h e s u s p e n d e d s o l i d p h a s e i s i n t h e o r d e r : Z n > C d > C u > P b . 
Z n , Pb a n d C u , i n b o t h t h e s u s p e n d e d s o l i d a n d d i s s o l v e d p h a s e s , 
show s i m i l a r a v e r a g e c o n c e n t r a t i o n s d u r i n g b o t h s t o r m s s u g g e s t i n g t h a t 
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T AHIJO I : Lo a r i i rigs and ave rugo concent r a t ions of heavy mo ta Is i n s t o r m s 1 a ncl 2 
S I :orin 1 Storm 2 
Zn Cd Pb Cu 7.n Cci vt> Cu 
LOADINGS 
DISSOLVED (g) 2 1 2 . 5 2 . 7 1 6 . 'l 5 2 . 9 1 9 5 . 2 1 0 . 6 2 1 . 5 • 5 7 . 3 
SUSPENDED SOLID (g) 7 2 . 1 1 . h 3 6 7 . 3 6 3 . 8 3 7 . 9 3 - 7 1 V 0 . 9 3 6 . 0 
CONCENTRATIONS 
DISSOLVED ( p / ' l -
1
 ) 227-^1 3.'f 1 7 . 0 5 3 . 8 1 6 2 . 8 9 . 1 1 7 . 8 < i 7 . 2 
SUSPENDED SOLID (pgg~
 1
 ) 'n 3 - 9 1 1 . 5 2h6h.h h 1 3 . 6 5 5 1 . 6 6 0 . 3 1 91 0 . 7 J i 8 l . 6 
TADLE 2 : R e l e v a n t parameters f o r storms I and 2 
Storm 1 Storm 2 
pH range 7 . 1 - 7 . 6 7 - 2 - 7 . 6 
T o t a l f l o w a? 9 9 3 1252 
Tota] suspended s o l i d s l o a d i n g (kg) IĆ5.2 6 7 . 0 
D i s s o l v e d o r g a n i c carbon l o a d i n g (kg) 8 . 3 8 . 1 
D i s s o l v e d c h l o r i d e l o a d i n g (kg) . • 55-^1 9.*» 
a s*imi l a r s o u r c e mat e r i a l o r i n p u t i s c o n t r i b u t i n g . S i m i l a r i t i e s 
b e t w e e n t h e p a r t i c u l a t e m e t a l l e v e l s a n d t h o s e i n t y p i c a l r o a d s u r -
f a c e s e d i m e n t s ( 1 5 ) i n d i c a t e t h a t r o a d s u r f a c e r u n o f f i s t h e p r i n c i p a l 
s o u r c e o f Z n , C u a n d Pb f o r b o t h s t o r m s . T h e e l e v a t e d p a r t i c u l a t e C u 
c o n c e n t r a t i o n s c a n b e p a r t l y a t t r i b u t e d t o t h e f i n e r n a t u r e o f s t o r m -
w a t e r s u s p e n d e d s o l i d s w h i c h a r e c h a r a c t e r i s t i c a l l y l e s s t h a n 25 um 
( 1 6 ) and a l s o t o t h e i r h i g h e r o r g a n i c c a r b o n c o n t e n t (20-3Cfb) . Cd shows 
g r e a t l y e l e v a t e d l e v e l s i n t h e s e c o n d s t o r m c o m p a r e d t o t h e f i r s t , 
s u g g e s t i n g a d i s t i n c t i v e o r s e p a r a t e c o n t r i b u t i n g s o u r c e m a t e r i a l . 
The d i s t r i b u t i o n o f a l l m e t a l s b e t w e e n t h e s o l u b l e a n d p a r t i c u l a t e 
p h a s e s i s s i m i l a r f o r b o t h s t o r m s . T h e c o n t r o l l i n g p a r a m e t e r s f o r t h e 
p a r t i t i o n i n g o f h e a v y m e t a l s b e t w e e n t h e d i s s o l v e d a n d s u s p e n d e d s o l i d 
p h a s e s i n c l u d e p H , f l o w , s u s p e n d e d s o l i d c o n c e n t r a t i o n s , d i s s o l v e d 
o r g a n i c c a r b o n a n d d i s s o l v e d c h l o r i d e c o n c e n t r a t i o n s . T h e pH r a n g e s 
a r e a l m o s t i d e n t i c a l a n d t h e r e i s l i t t l e d i f f e r e n c e i n t h e t o t a l f l o w 
o r t h e d i s s o l v e d o r g a n i c c a r b o n l o a d i n g s f o r e i t h e r s t o r m ( T a b l e 2 ) . 
T h e m a j o r d i f f e r e n c e s a r e t h e g r e a t e r s u s p e n d e d s o l i d l o a d i n g s a n d 
d i s s o l v e d c h l o r i d e l o a d i n g s i n s t o r m 1 . T h i s s t o r m was p r e c e d e d b y 
s e v e r a l weeks o f d r y w e a t h e r a l l o w i n g t h e a c c u m u l a t i o n o f s u r f a c e s e d -
i m e n t s , w h i l e o n l y two d a y s e l a p s e d b e f o r e a f u r t h e r f l u s h i n g o c c u r r e d 
t o g e n e r a t e s t o r m 2 . T h e a c c u m u l a t i o n - l i m i t e d c o n d i t i o n s , a l t h o u g h 
l o w e r i n g t h e l o a d i n g s o f s u s p e n d e d s o l i d a s s o c i a t e d Z n , Pb a n d C u i n 
s t o r m 2 , do n o t s e r i o u s l y a f f e c t t h e p h a s e d i s t r i b u t i o n o f t h e m e t a l s . 
T h i s i s a l s o t r u e o f t h e d i s s o l v e d c h l o r i d e w h i c h shows a m o r e s i g n i f -
i c a n t d i l u t i o n - e x h a u s t i o n r e s p o n s e i n t h e s e c o n d s t o r m . 
T h e v a r i a t i o n s o f f l o w - w e i g h t e d h e a v y m e t a l l o a d i n g s b e t w e e n t h e 
d i s s o l v e d a n d s u s p e n d e d s o l i d p h a s e s a r e i l l u s t r a t e d i n F i g u r e 1. T h e 
p r o p o r t i o n o f a l l m e t a l s i n t h e d i s s o l v e d p h a s e i n c r e a s e s a s b o t h s t o r m s 
p i - o g r e s s a n d f o r Pb t h e d i s s o l v e d p h a s e b e c o m e s q u i t e s i g n i f i c a n t t o -
w a r d s t h e e n d o f t h e s e c o n d s t o r m . T h e c h a n g e s o b s e r v e d i n t h e d i s -
s o l v e d o r g a n i c c a r b o n a n d t h e d i s s o l v e d c h l o r i d e t h r o u g h o u t t h e s t o r m s 
c a n n o t o n t h e i r own a c c o u n t f o r t h e d i s s o l v e d - s u s p e n d e d s o l i d i n t e r -
a c t i o n s . A m o r e p r o b a b l e i n t e r p r e t a t i o n i s t h e i n c r e a s e o v e r t h e 
s t o r m o f t h e w a t e r - s e d i m e n t r a t i o w h i c h r e s u l t s i n l e s s s u s p e n d e d s o l i d 
a d s o r p t i o n o f h e a v y m e t a l s . 
T h e f l o w - w e i g h t e d l o a d i n g s o f s u s p e n d e d s o l i d a s s o c i a t e d m e t a l s , 
a s r e p r e s e n t e d f o r Z n i n F i g u r e 2 , g e n e r a l l y show a s i m i l a r p a t t e r n t o 
t h a t o f s u s p e n d e d s o l i d s f o r s t o r m 1. H o w e v e r , C u d o e s n o t show t h e 
f i r s t p e a k w h i c h may be r e l a t e d t o t h e c o m b i n e d e f f e c t s o f h i g h i o n i c 
s t r e n g t h a n d d i s s o l v e d o r g a n i c c a r b o n a l t e r i n g t h e e q u i l i b r i u m i n 
f a v o u r o f t h e d i s s o l v e d f o r m c o m p a r e d t o s o l i d a s s o c i a t e d m e t a l . D u r i n g 
s t o r m 2 Pb f o l l o w s s u s p e n d e d s o l i d s e x a c t l y w i t h C d s h e w i n g a p r o n o u n c e d 
f i r s t f l u s h . H o w e v e r , C u , Zn" a n d C d show s e c o n d a r y a n d l a t e f l u s h e s 
s u g g e s t i n g a r e t a r d e d i n p u t o f s u s p e n d e d s o l i d s e n r i c h e d w i t h t h e s e 
m e t a l s . 
T h e l a t e f l u s h e s o f s u s p e n d e d s o l i d a s s o c i a t e d m e t a l s i n s t o r m 2 
( i l l u s t r a t e d i n F i g u r e 2 f o r Z n ) may be a c c o u n t e d f o r b y a v a r i a b l e 
c o n t r i b u t i n g a r e a s c o n c e p t . T h e s e m e t a l s h a v e t a k e n l o n g e r t o a r r i v e 
f r o m t h e i r s o u r c e , e i t h e r due t o a d i f f e r e n t r a t e o f m o b i l i s a t i o n , o r 
b e c a u s e o f a l o n g e r t r a v e l l i n g d i s t a n c e . T h e s e r e a s o n s may b e f u r t h e r 
c o m p l i c a t e d b y v a r i a t i o n s i n r a i n f a l l i n t e n s i t y a n d by i n l i n e s e w e r 
m i x i n g p r o c e s s e s . 
The f l o w - w e i g h t e d l o a d i n g s o f a l l f o u r d i s s o l v e d m e t a l s t h r o u g h o u t 
s t o r m 1 show s i m i l a r t r e n d s . A l t h o u g h t h e r e i s a n o b v i o u s s e c o n d p e a k , 
w h i c h i s r e l a t e d t o f l o w ( F i g u r e s 1 a n d 2 ) , t h e r e i s no i n i t i a l p e a k . 
T h i s i s p r o b a b l y b e c a u s e a f l u x o f d i s s o l v e d m e t a l s may t a k e some t i m e 
t o be m o b i l i s e d o r r e q u i r e a h i g h r a i n f a l l i n t e n s i t y t h r e s h o l d . A n o t h e r 
e x p l a n a t i o n may be t h a t t h e d i s s o l v e d m e t a l s a r e s c a v e n g e d by t h e s u s -
p e n d e d s o l i d p h a s e . A l l t h e m e t a l s show a n i n c r e a s e i n l o a d i n g n e a r 
t h e e n d o f t h e s t o r m w h i c h may r e l a t e t o t h e c o r r e s p o n d i n g i n c r e a s e 
o b s e r v e d f o r d i s s o l v e d o r g a n i c c a r b o n a n d d i s s o l v e d c h l o r i d e . F o r t h e 
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FIGURE! RELATIVE PERCENTAGES OF THE OISSOIVED AND SUSPENOED SOLIO PHASER 
EACH METAL. THE SUSPENOED SOLID PHASE l S SHAOED 
FIGURE 2 FLOW-WEIGHTEO LOAOlNGS FOR ZINC" IN THE OISSOLVEO AND S U S P E N O E O 
S O L Ï O P H A S E S . 
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til 
d i s s o l v e d p h a s e o f s t o r m 2 t h e i n i t i a l p e a k o n l y f o l l o w s f l o w i n t h e 
c a s e o f C d , w h i l e t h e o t h e r m e t a l s show a l a g b e h i n d t h e p e a k f l o w 
( F i g u r e s 1 a n d 2 ) „ A s e c o n d a r y p e a k os o b s e r v e d f o r a l l t h e m e t a l s , 
r e f l e c t i n g s i m i l a r a n o m a l o u s p e a k s w h i c h w e r e a l s o p r e s e n t f o r m e t a l s 
i n t h e s u s p e n d e d s o l i d p h a s e . 
I n b o t h t h e s u s p e n d e d s o l i d a n d d i s s o l v e d p h a s e s C d f l o w -
w e i g h t e d l o a d i n g s g e n e r a l l y f o l l o w f l o w a c c u r a t e l y b u t g r e a t e r l o a d -
i n g s o c c u r i n s t o r m 2 ( T a b l e l ) . T h e s e i n c r e a s e d C d l e v e l s may be 
d u e t o a c o m b i n a t i o n o f d i f f e r e n t s o u r c e s a n d r a t e s o f m o b i l i t y , 
T h i s a l s o s u g g e s t s t h a t Cd l e v e l s a r e n o t c o n t r o l l e d b y t h e same 
m e c h a n i s m s as Z n , Pb a n d C u . 
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ABSTRACT 
A physico-chemical speciation scheme has been applied to the analysis 
of zinc, cadmium, lead and copper in stormwater samples collected from 
selected urban catchments in Engl and and Sweden. Zi nc and cadmiurn 
exhibit a preference for the dissolved phase whereas lead predominates 
in the suspended sol id phase. Copper is distributed equally between 
both phases. 
The potentially toxic forms of the metals in the dissolved phase 
(Electrochemicaily Available) and in the particulate phase 
(Exchangeabl e) account for 63% of the total zi nc, 77% of the total 
cadmium, 66% of the total 1 ead and 32% of the total copper. The 
Exchangeable fraction of the suspended solid phase exhibits unexpectedly 
high metal levels which may be easily released on contact with receiving 
waters and thus provide a major source of bioavailable metals. 
Both UK and Swedish catchments show consistently similar distributions 
of all four metals between the six experimentally determined fractions. 
The major differences are the higher lead concentrations found at the 
UK site and the considerably larger copper concentrations which are 
distinctive of the Swedish catchment. These higher cooper levels 
accompany a free or weakly ccmpiexed copper contribution to the soluble 
phase which is absent within the UK catchment. 
Keywords: physico-chemical metal speciation, stormwater pollution, 
bioavailability, heavy metals, concentrations, loadings. 
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INTRODUCTION 
Pol "luted urban surface runoff may have a serious impact on sensi ti ve 
receiving waters, the occurrence of heavy metals in unacceptable high 
concentrations is a particular cause for concern (Randall et al . 1978, 
Wilber and Hunter 1979
;
 Malmqvist 1983). 
Earlier studies on urban runoff analysed total heavy metal 
concentrations or loadings as an index of stormwater toxicity. It was 
believed that the greater proportion of metals were suspended sol ia 
associ ated (Mance 1981). We have shown that for zinc, cadmium and 
copper the dissolved phase may be equal to or greater than the 
particulate phase (Morrison et al. 1984). The available evidence 
strongly indicates that the free dissolved or weakly associated 
suspended solid metal forms are bioavailable, and thus also potentially 
toxic to receiving water biota (Theis and Dodge 1979, Sunda and 
Gillespie 1979, Tessier et al . 1979, Guy and !<ean 1980, Salomons and 
Forstner 1980, Petersen 1982,- Florence et al. 1983). No detailed 
separation of the bioavai 1 able and non-bioavailable metal specie's in 
stormwater has yet been attempted. 
A speciation scheme has recently been devised which allows a separation 
of bioavaiTable and nan-bioavailable heavy metal species (Morrison 
1983). This differs from previous schematic applications to natural 
waters (Batley and Florence 1976, L axen and Harrison 1981) and 
sediments (Gibbs 1973, Tessier et al. 1979, Salomons and Forstner 1980) 
in providing a more rapid and experimentally straightforward evaluation 
of the toxic fractions. 
This paper discusses the application of the scheme to stormwater runoff 
quality within urban catchments in both England and Sweden. 
CATCHMENT CHARACTERISTICS AND EXPERIMENTAL METHGDS 
Catchment Characteristics 
The UK catchment is a 214 hectare, 18* impervious, residential catchment 
situated in the outer north west fringes of Metropolitan London. Early 
studies have been described in.detail by Wilkinson (1955). The catchment 
drains to a trapezoidal flume and flow is recorded by a Potentiometrie 
1 evel meter at one minute interval s on a data 1 ogger. Sampl ing was 
carried out automatically at seven minute intervals. 
The Swedish catchment is a 15.4 hectare, 42% impervious, multi-storey 
residential catchment in Göteborg, Sweden. The Bergsjon area has been 
studied by Arnel1 (1980). Flow is continuously monitored using an 
ultrasonic level meter at a V-notched weir situated at the outfall to 
the catchment. Flow-weighted sampling is carried out automatically at 
the commencement of each storm event. 
Experimental Methods 
Field samples were collected in 1 litre polyethylene bottles at both 
sampling stations. The stormwater samples were then immediately returned 
to the laboratory. All filtration was carried out on the sampling day. 
An aliquot of each sample (250 mis;) was set aside for the determination 
of pH, dissolved chloride and organic carbon. A further aliquot (250 
mis.) was analysed for heavy metals according to the speciation scheme 
illustrated in Figure 1 and which is described in detail elsewhere 
(Morrison 1983). 
The precision of the schematic analysis has been tested for each 
fraction. For all metals, the precision for each of the dissolved metal 
fractions is always better than 1 25% and generally better than ±10*. 
For the suspended solid phase the precision is better than ±10% in all 
three fractions. 
Interpretation of the Speciation Scheme 
The dissolved and suspended solid phases were operationally defined by 
filtration through a 0.4 ym Nucleopore polycarbonate filter. The 
dissolved phase is separated into three fractions, depending on the 
complexation strength of the heavy metals. 
1. Electrochemically Available Fraction 
The free ions and weakly complexed metals were determined by Anodic 
Stripping Voltametry. This fraction can be compared to the 
bioavailable metal as defined by Whitfield and Turner (1979). 
2. Chelex Removeable Fraction 
Batch extraction with Chelex-100, a metal selective ion exchange 
resin, removes those metals associated with the Electrochemically 
Available fraction as well as more strongly bound metals but does 
not retain soluble metals which are strongly bound to colloids or 
complexes Figura and Mc Duffie (1979). Florence et al. (1983) have 
shown that this fraction may over-estimate the truly bioavailable 
metal but it does give an indication of those metals attached to 
ligands by a medium complexation strength. 
3. Strongly Bound Fraction 
The Strongly Bound Fraction has been defined as the difference 
between the total dissolved metals and the Chelex Removeable 
Fraction. The experimental conditions used to determine this 
fraction indicate the strong association of the metals as complexes 
or colloids and ensure that they may be considered ncn-bioavailable 
as far as receiving water biota is concerned. 
The suspended solid phase was divided into three fractions according to 
the ease of metal release. 
4. Exchangeable Fraction 
Particulate associated heavy metals which exchange or complex with 
anions may be released into the soluble phase under normal pH 
conditions in stormwater. This solubilisation process is particularly 
probable under the high chloride concentrations which are often 
encounted in urban runoff (see Table 1 in the Results and Discussion 
section). 
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Figure 1. The scheme of ana-lysis for heavy metal speciation. 
5. Carbonate and Hydrous Métal Oxide Fraction 
The metals in this fraction are more strongly bound than the 
Exchançeabïe fraction and occur mainly as surface associated metais 
(Davis and Leckie 1978) and co-precipitates of hydrous métal cxides 
and carbonates. This fraction is uniikely to have any immédiate 
biological impact on the receivi ng waters, but may accumulate in 
river or estua ri ne sédiments. Subsequently the métal s may be 
released into the water column when a significant drop in pH occurs 
(Florence and Batley 1980). 
6. Organic Fraction 
The remaining metals are largely organically bound in poliuted 
suspended solids cr sédiments (Morrison 1983) and because of their 
strong association are uniikely to be bioavailable. However, this 
fraction may act as an important transportation mechanism and s*nk 
for such metals as lead and copper, which have high stability 
constants with organic compounds (Mantoura et al. 1978). 
RESUITS AND DISCUSSION 
Concentration Averages and loadings 
The average concentrations for each métal fraction and for al 1 the 
storm events are given in Table 1. 
The zinc and cadmium concentrations are similar for.both catchments, 
while the lead concentrations are 2 to 4 times higher in the UK 
catchment. The copper concentrations are nearly an order cf magnitude 
greater within the Swedish catchment. This is most certainly due to the 
use of copper roofing and guttering in Sweden (Malmqvist and Svensson 
1977), which is not a common practice in the UK. 
The dissolved concentrations for al 1 métal s are gênerai 1 y high. The 
concentration of the dissolved métal will be determined by solubinty, 
pH, ionic strength, dissolved organic 1igands and the f 1 ow/suspended 
solids ratio (Morrison et al. 1984). Overall, the ievels of dissolved 
métal s in stcrmwater are significantly higher than those quoted for 
rivers or seawaters (Florence and Batley 1980). 
The suspended solid concentrations are greater than those associated 
with typical road dusts, particularly in the case of cadmium and copper 
(Hamilton et al. 1984). To a large extent this enhancement is explained 
by the fine, highly organic nature ("-20%, as shown in Table 1) of 
stormwater solids. This ensures a high surface area and the availability 
to the metals of many organic complexing sites. 
The loadings (Table 2} démenstrate the magnitude of the four meta 1 s 
discharging frem both catchments.
T
he loadings of the bioavailable 
forms of ail four metals are significant and may have a deletericus 
effect on the biota of receiving waters which must préjudice Icng term 
quality objectives and user standards. 
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Table 1. Average Concentrations for the Heavy Metal Fractions and 
Parameters during each Storm Event. 
STORM SYINT 
OXKEY OXHEY 3ERGSJCÎ! 3EP.GSJÔÎÎ 
830224 830602 331004 331027 
Z-IÎIC Dissolved Ug 1- ^ Electrochemically 
Available 57.1 118.3 72.2 
Chelex Removeable 123.5 77.4 110.3 77.6 
Strongly Bound 55.3 14.6 91.5 13.6 
Suspended Solid ^  Exchangeable 258.1 477.1 202.1 547.7 
Ug 3 Carbonate and 
Hydrous M e t 3 l Oxide 43.6 50.5 37.7 159.2 
Organic 160.3 242.2 32.4 237.3 
CADMIUM Dissolved yg 1
 1 
Electrochemically 
Available 3.6 2.4 2.7 0.6 
Chelex Remoevable 4.3 2.5 2.3 1.0 
Strongly Bound 1.3 0.2 0.6 0.4 
Suspended Solid Exchangeable 30.3 9.1 7.2 3,1 
Ug g Carbonate and 
Hydrous Metal Oxide 5.1 n.d. n.d. i ~> 
Organic r..d. n.d. n.d. 0.3 
LEAD Dissolved ug 1 ^  Electrochemically 
Available 6.6 5.6 3.2 0.8 
Chelex Removeable 10.6 5.4 3.9 3.6 
Serongly Sound 6.0 10.1 5.1 1.6 
Suspended Solid ^ Exchangeable 1169.3 672.6 363.6 533.6 
Ug g Carbonate and 
Hydrous Mecal Oxide 407.7 196.0 39.4 120.5 
Organic 487.4 70.6 7.6 9.1 
COPPER Dissolved Ug 1 ~^ Electrochemically 
Available n.d. n.d. 45.4 3.4 
Chelex Removeable 35.0 15.Û 71.5 23.6 
Strongly Bound 12.8 8.5 66.7 5.6 
Suspended Solid Exchangeable 66.2 31.6 610.2 649.6 
Ug 3
 L 
Carbonate and 
Hydrous Mecal Oxide 139.2 50.1 117.4 305.4 
Organic 221.4 35.5 29.0 88.9 
PARAMETERS _ i 
Dissolved Organic C ^ 1 
"3 1 
7.0 - 3.9 5.5 
Dissolved Chloride J. 
3 « ', 
28.9 - 159.6 21.4 
Àverage pH Value 7.5 7.2 6.6 7.1 
Suspended Solids ng 1 102.8 113.7 122.6 69.6 
Suspended Solid Organic C itg 1 - • 24.3 23.9 14.3 
n.d. = not detected 
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Table 2. Loadings for the Heavy Metals and Parameters during each 
Storm Event. 
Storm hvent 
Oxhey Oxhey 3ercsjdn Sergsjbn 
330224 830602 331004 831027 
Flow, m° 2250 285 47 87 
Dissolved Organic Carbon, kg 15.8 - 0.4 0.5 
Dissolved Chloride, kg 64.9 - 0.8 • 1.9 
Suspended Solids, kg 231.2 32.4 5.8 6.1 
Zinc, g 519.8 51.2 11.1 18.0 
Cadmium, g 21.9 1.1 0.2 0.2 
Lead, g 516.3 34.9 3.9 4.5 
Copper, g 206.4 12.1 10.9 9.3 
Partitioning of Metals between the Phases and Fractions • 
The percentage of each species in the storm events which have been 
studied are shown in Figure 2. Despite the occasional large différences 
of metal concentrations in each storm (Table 1) the proportioning of 
the metáis between the fractions is remarkably comparable between storm 
events and catchments. 
Zinc shows a présence in both the dissolved and suspended solid phases 
but i s most important i n the sol ubie form. In thi s phase the 
bioavailable Electrochemically Available an'd the Chelex Removeable 
fractions are 43% and 48% of the total metal respectively. For the 
suspended solid phase the bioavai Table Exchangeabie fraction i s most 
important being 19» of the total metal, The dissolved Strongly Sound 
fraction i s the more important removal and sink mechanism for zinc 
species accounting for 20% of the total metal, although the suspended 
solid Organic fraction (9%) is also significant. 
In the case of cadmium al most al 1 the metal i s di stributed in the 
bioavailable Electrochemically Available (52%), Chelex Removsable (57%) 
and Exchangeable (25%) fractions. Cadmium forms strong chloro 
complexes, which explains its solubility and ease of reléase from the 
solid phase. Therefore most of the cadmium transported by stormwater 
may have a direct impact on the receiving waters. 
Lead is predominantly suspended solid associated with only 15% of the 
metal, on average, in the dissolved phase. 0f the dissolved fractions 
the Strongly Bound fraction is usually the most important. This 
demonstrates that the présence of di ssol ved organic 1 i gands in the 
aqueous System can increase the mobilisation and solubility cf this 
élément. In addition the suspended solid phase is largely dominated by 
the Exchangeable fraction (63%) which may be released into the water 
column where suitable conditions for sclubilisation occur. The Carbonate 
and Hydrous Metal Oxide (14%) and Organic (8%) fractions are important 
transport mechanisms and sinks for lead. 
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Figure 2. Distributions of Zinc, Cadmium, Lead and Copper between the Physico-Chemical Frac Lions for 
selected storm Events (Dissolved Phase = Chelex Removeahle + Stronyly Bound). 
Copper is found to be fairly evenly distributed between both the 
dis solved and suspended sol id phases. Copper i s readily complexed by 
dissolved organic componds giving ri.se to only Chelex Removeable and 
Strongly Bound fractions in the UK catchment, but in the Swedish 
catchment the copper concentration is higher and so there is also the 
Electrochemical 1 y Available fraction present. .A- similar trend in the 
particulate phase shows a higher proportion of copper in the more 
readily released Exchangeable fraction in the Swedish compared to the 
UK. catchment. However, for both catchments the combined Strongly Bound, 
Carbonate and Hydrous Metal Oxide and Organic fractions (42%) represent 
a significant sink for copper. 
Metal speciation schemes which have been applied to the dissolved phase 
of freshwater (Duinker and Kramer 1977, Batley and Gardner 1973, Figura 
and McDuffie 1980, Pik et al. 1982) have shown that cadmium and zinc 
are mainly present as relatively free forms, which corresponds to our 
Electrochemically Available fraction. Soluble lead in freshwaters was 
found to exist mostly as inorganic complexes which corresponds in our 
scheme to metals released into the Chelex Removeable fraction but not 
the Electrochemical 1 y Avai1 able fraction. However, in stormwater the 
strongly bound lead also represents a significant contribution to the 
dissolved phase. In both freshwater and stormwater soluble copper is 
found to be predominantly associated with strongly bound complexes. 
Most of the speciation work carried out on particulate associated 
metals has been concerned with river sediments (Gibbs 1973, Tessier et 
al. 1979, Salomons and Forstner 1930) and road sediments (Harrison et 
al. 1981, Hamilton et al. 1984). These studies have indicated that zinc 
and cadmium are mostly associated with the Hydrous Metal Oxide 
fraction, while copper and lead are distributed between the Hydrous 
Metal Oxide and Organic fractions. Cadmium showed the greatest tendency 
to be Exchangeable, but this fraction usually represented less than 10% 
of the total metal. Our results show important differences to these 
studies in that the Exchangeable fraction is found to be dominant for 
all the metals except possibly for copper in the UK catchment. These 
results agree with the trends observed by Forstner and Patchineelam 
(1980) which demonstrated an increase in the proportion of metals in 
the less stable fractions of sediments in more pol luted waters. 
Particulate cadmium in all stormwater samples shows an almost negligible 
affinity for the Carbonate and Hydrous Oxide and Organic fractions. The 
unique association of cadmium with the Exchangeable fraction represents 
a potential toxic threat to the stormwater due to its experimentally 
determined solubility (Ellis and Revitt 1982). 
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THE TRANSPORT MECHANISMS, PHASE INTERACTIONS AND EFFECTS OF 
BIOAVAILABLE HEAVY METALS IN SNOVMELT RUNOFF. 
1 1 1 2 G.M.P. Morrison , D.M. R e v i t t , J.B. E l l i s , G. Svensson , 
P. Balmer 2. 
SUMMARY 
The i d e n t i f i c a t i o n , t r a n s p o r t mechanisms and r e c e i v i n g 
water impacts of Zn, Cd, Pb and Cu s p e c i e s i n urban snovmelt 
r u n o f f are d i s c u s s e d . Temporal v a r i a t i o n s of b i o a v a i l a b l e Zn 
and Cu are s t r o n g l y dependent on suspended s o l i d o r g a n i c 
carbon d i s c h a r g e s , w h ile b i o a v a i l a b l e Pb and Cd l o a d i n g s are 
mainly c o n t r o l l e d by d i s s o l v e d c h l o r i d e l e v e l s . 
The metal s p e c i a t i o n i s explained i n terms of two mechan-
isms ; s u r f a c e area a d s o r p t i o n and i o n i c s t r e n g t h . 
A l l metals exceed EPA t h r e s h o l d t o x i c i t y l e v e l s w h i l s t Cu 
and Cd are i d e n t i f i e d as c a u s i n g s i g n i f i c a n t m o r t a l i t y to 
freshwater l i f e . 
INTRODUCTION 
Urban r u n o f f waters have been shown to c o n t a i n h i g h con-
c e n t r a t i o n s and l o a d i n g s of heavy metals i n the form of b i o -
l o g i c a l l y and c h e m i c a l l y r e a c t i v e species ( r e f . 1 ) . 
The a c t u a l b i o a v a i l a b l e species appear to be the f r e e 
metal i o n and c e r t a i n o r g a n i c l i p i d s o l u b l e 3pecies ( r e f » 2 ) 
and can be a c o n s i d e r a b l e source of b i o t i c t o x i c i t y i n r e c -
e i v i n g waters (ref. 3 ) « 
T h i s paper i n v e s t i g a t e s b i o a v a i l a b l e heavy metal s p e c i e s 
i n snowmelt r u n o f f . 
CATCHMENT AND ANALYTICAL METHODS 
Samples o f snowmelt r u n o f f were c o l l e c t e d at the o u t f a l l . 
of a 15.^ ha, urban r e s i d e n t i a l catchment i n Bergsjön, 
Göteborg, Sweden ( r e f . l ) . 
The s p e c i a t i o n scheme f o r the s e p a r a t i o n of heavy metal 
f r a c t i o n s has been f u l l y d e s c r i b e d p r e v i o u s l y ( r e f . 1
t
 r e f . * * ) . 
The d i s s o l v e d phase i s separated i n t o three f r a c t i o n s depend-
i n g on the complexation s t r e n g t h of the heavy metals : E l e c t r o -
c h e m i c a l l y A v a i l a b l e ( B i o a v a i l a b l e ) , Chelex Removeable 
( B i o a v a i l a b l e ) , S t r o n g l y Bound. The suspended s o l i d phase 
i s d i v i d e d i n t o three f r a c t i o n s a c c o r d i n g to the ease o f 
metal r e l e a s e : Exchangeable, Carbonate and Hydrous Metal 
Oxide, Organic, 
1. Urban P o l l u t i o n Research Centre, Middlesex P o l y t e c h n i c , UK 
2. Dept. of S a n i t a r y E n g i n e e r i n g , Chalmers U n i v e r s i t y of 
Technology, Sweden. 
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RESULTS AXD DISCUSSION 
The hydrograph f o r the snowmelt s t u d i ed has an i n i t i a l 
m e l t i n g p e r i o d of k-J hours followed by a l i g h t r a i n f a l l event 
and a r e c e s s i o n a l limb d u r i n g which snowmelt con tinu'ed. The 
r e l a t i v e l y low suspended s o l i d c o n c e n t r a t i o n s of **0 mgl"
1 
d u r i n g the e a r l y anowmelt rose to 1600 mgl*^ d u r i n g the l a t e r 
r a i n f a l l r u n o f f . D i s s o l v e d organic carbon, p a r t i c u l a t e 
organic carbon and d i s s o l v e d c h l o r i d e (up to 17 gl-1) show 
s i m i l a r temporal peak v a r i a t i o n s during the snovmelt. The pH 
at the o u t f a l l v a r i e s between 6,7 and 7.** d e s p i t e a value of 
k.O i n the r a i n f a l l i t s e l f . 
B i o a v a i l a b l e Cd and Pb have s i m i l a r hydrographic l o a d i n g 
v a r i a t i o n s to the c o n t r o l l i n g parameters. Pb has a peak 
d i s s o l v e d b i o a v a i l a b l e c o n c e n t r a t i o n of 330 u g l "
1
 due to the 
s o l i d s being s t r i p p e d of Pb by a s s o c i a t e d h i g h c h l o r i d e 
l e v e l s . Cd shows an even g r e a t e r tendency to be s o l u b i l i s e d 
by c h l o r i d e . 
The b i o a v a i l a b l e Zn and Cu are present i n t h e i r lowest 
c o n c e n t r a t i o n s d u r i n g the" m a j o r i t y of the snowmelt due to the 
h i g h p a r t i c u l a t e c o n c e n t r a t i o n s . However, d i s s o l v e d b i o ­
a v a i l a b l e c o n c e n t r a t i o n s r e a c h 558 p g l ~
1
 and 1^*6 p g l " ^ f o r Zn 
and Cu r e s p e c t i v e l y , when suspended s o l i d l e v e l s decrease on 
the r e c e d i n g limb of the hydrograph, 
C o n s i d e r a t i o n of o v e r a l l metal s p e c i a t i o n demonstrates 
(Fig u r e 1), that f o r a l l f o u r metals the e a r l y snowmelt and 
r e c e s s i o n a l limb show s i m i l a r p r o p o r t i o n s of metal sp e c i e s t o 
those found i n .stormwater samples ( r e f . l ) . However, the 
h i g h e r c h l o r i d e c o n c e n t r a t i o n s of the snowmelt r e s u l t i n an 
i n c r e a s e i n the p r o p o r t i o n of s o l u b l e Cd and Pb s p e c i e s , 
e s p e c i a l l y d u r i n g the r a i n f a l l event.when c h l o r i d e concen­
t r a t i o n s are at t h e i r h i g h e s t . 
In c o n t r a s t , Zn and Cu e x h i b i t a s t r o n g a f f i n i t y f o r the 
Organic f r a c t i o n of the suspended s o l i d phase, e s p e c i a l l y 
d u r i n g the r a i n f a l l stage when hig h suspended s o l i d concen­
t r a t i o n s are found. 
The r e s u l t s f o r p r e v i o u s storrawater data (Morrison et a l 
1984) and the snowmelt event d e s c r i b e d i n t h i s paper, can be 
c o n s o l i d a t e d to p r o v i d e two p o s s i b l e mechanisms f o r metal 
uptake onto, and r e l e a s e from, suspended s o l i d s . 
1. Metal a d s o r p t i o n onto the p a r t i c u l a t e s u r f a c e . 
Previous workers (ref.5) have demonstrated that at low 
suspended s o l i d c o n c e n t r a t i o n s , which are u s u a l l y a s s o c i a t e d 
w i t h low flow c o n d i t i o n s , small p a r t i c l e s c o n t a i n i n g e l e v a t e d 
metal l e v e l s are p r e f e r e n t i a l l y washed o f f the urban s u r f a c e . 
However, a s u r f a c e area uptake theory adequately e x p l a i n s the 
r e l a t i o n s h i p between p a r t i c l e s i z e and metal c o n c e n t r a t i o n . 
A p l o t of p a r t i c l e diameter (um) versus s u r f a c e area per u n i t 
weight (cm
2
g-1 ) , assumi ng a part i c l e c u t - o f f s i z e of 0. ¿4 um 
and a p a r t i c l e d e n s i t y of between 1.0 and 2.7 gem-3. gives a 
h y p e r b o l i c r e l a t i o n s h i p . A s i m i l a r r e l a t i o n s h i p between sus­
pended s o l i d c o n c e n t r a t i o n s and the l e v e l s of p a r t i c u l a t e 
a s s o c i a t e d metals has been found f o r urban catchments i n both 
Sweden and the U.K. 
The proposed mechanism f o r metal t r a n s p o r t i s that 
d u r i n g r a i n f a l l , which u s u a l l y has a pH of 3.5 to 5.0 at 
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:he 
Bergsjó'n, some heavy metáis are washed o f f the urban s u r f a c e 
and s o l u b i l i s e d . At a po i n t between the urban s u r f a c e and 
the storm sewer o u t f a l l the pH i s b u f f e r e d up to between 6.5 
and 8.0, and the d i s s o l v e d metáis become adsorbed onto the 
su r f a c e of the suspended s o l i d a . 
2. I o n i c S t r e n g t h 
The f i r s t procesa i s counteracted i n snowmelt by the independ-
ent a c t i o n of i o n i c s t r e n g t h . High i o n i c s t r e n g t h occurs i n 
stormwater r u n o f f when urban s u r f a c e s are h e a v i l y s a l t e d 
d u r i n g periods of s n o w f a l l . The high c h l o r i d e c o n c e n t r a t i o n s 
a s s i s t d e s o r p t i o n of heavy metáis from suspended s o l i d s i n t o 
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to 
t h e d i s s o l v e d p h a s e , e s p e c i a l l y f o r m e t a l s s u c h as Cd and Pb 
w h i c h f o r m s t r o n g c h l o r o c o m p l e x e s . 
The t o x i c i m p a c t o f snowme1t heavy m e t a l s t o v a r d s f r e s h -
w a t e r l i f e i s c o n s i d e r e d u s i n g EPA s t a n d a r d s f o r i n t e r m i t t e n t 
d i s c h a r g e s . Z n , Cu and Cd e x i s t i n t h e o u t f a l l w a t e r s f o r 
c o n s i d é r a b l e p e r i o d s a b ove t h e t b r e s h o l d l i m i t , w h i l e Cu and 
Cd e x c e e d t h e l e v e l o f s i g n i f i c a n t m o r t a l i t y f o r 4.1 and 
0 . 8 h o u r s , r e s p e c t i v e l y . The h i g h l e v e l s o f Cu a r e due t o t h e 
p r é p o n d é r a n c e o f c o p p e r g u t t e r i n g a t B e r g s j o n , b u t f o r Cd 
more r e s e a r c h i s r e q u i r e d t o d é t e r m i n e t h e o r i g i n s , e f f e c t s 
and r é c u r r e n c e i n t e r v a i s o f Cd d i s c h a r g e d f r o n U r b a n c a t c h -
m e n t s . 
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Abstract 
The Identification and transport mechanisms of Zn, Cd, Pb and Cu species in 
urban snowmelt runoff are investigated. 
Bioavailable metal species in snowmelt occur in higher concentrations than 
in stormwater from the same catchment. Temporal variations of Zn and Cu are 
strongly dependent on suspended solid organic carbon discharges, while Pb 
and Cd loadings are mainly controlled by dissolved Chloride levels. 
The metal speciation variations throughout the snowmelt process are ex-
plained in terms of two mechanisms; surface area adsorption and ionic 
strength. 
Wh er. the toxic impacts and effects of bioavailabie heavy metal s: ecie: on 
- E l -
the receiving water biota are evaluated according to proposed EPA standards 
for intermittent discheroes then all metals exceed the threshold t o x i c i t y 
l e v e l s , whilst Cu and Cd ars i d e n t i f i e d as being able to cause significant 
mortality to freshwater l i f e . 
Introduction 
Urban runoff waters have been shown to contain high concentrations and 
loadings of heavy metals in the form of biologically and chemically reac­
tive species (Morrison and others 1984a). Zn, Cd and Cu have been found to 
be predominantly associated with the dissolved phase, whilst Pb has a 
strong affinity for the suspended solid fraction. Metal distributions are 
also dependent on parameters such as suspended sol id concentrations and 
ionic strength (Morrison and others 1984b). The actual bioavailabie metal 
species in the aqueous environment appear to be the free metal ion and 
certain organic lipid soluble metal species (Florence and others 1983). 
Snow has been shown to accumulate heavy metals (Vuorinen 1983) and their 
subsequent release as potentially toxic forms may occur during melting. In 
order to assess the potential toxicity of these pol lutants during this 
process, the determination of the metal speciation is described in this 
paper. In addition, the heavy metal exchange mechanisms between the solid 
and liquid phases and their importance in the transfer of metals from urban 
snowmelt runoff into receiving waters are discussed. 
Catchment and Analytical Methods. 
Samp 1 es were col lec ted at the outfal 1 of a 15.4 ha. urban residential 
catchment in Bergsjön, Göteborg, Sweden. The hydrology and instrumentation 
-E2-
of the catchment have been fully ae-sc -ibtc by Arnel1 (1980) and Malmqvist 
(1933). 
The speciation scheme (Fig. 1) for the separation and identification of 
heavy metal fractions in stormwaters has been fully described elsewhere 
(Morrison 1983, Morrison and others l?34a). The dissolved phase is 
separated into three fractions which are dependent on the complexation 
strengths of the heavy metals; the Electrochemically Available and Chelex 
Removeable fractions are considered to be bioavailable. For the purpose of 
distinguishing bioavailable metals the fraction with the greater 
concentration of metal ion is reported here. The suspended solid phase is 
divided into three fractions according to the ease of metal release to the 
soluble phase. Of these, only the Exchangeable fraction is regarded as 
potentially bioavailable. 
Results and Discussion 
Snowmelt_Runoff 
The hydrograph and chemographs for selected parameters are shown in Fig. 
2(a) to (d). An early snowmelt period of 4i hours was followed by a light 
rainfall event of 0.2 mm hr
-1
 intensity which greatly 'increased the flow. 
Snowmelt continued during the recessional limb cn the hydrograph. The 
relatively low suspended solid concentrations of approximately 40 mg 1"* 
observed during the early snowmelt rose to 1500 mg l
- 1
 during the later 
rainfall with particulate organic carbon following similar temporal trends. 
Disso1ved organic carh™ also f c 1 • i r : v r sane. although less pronounceo 
pattern. An inspection of Fig. 2(a) and (b) shows that the mass flow of 
particulate organic carbon may be up to 40 times higher than dissolved 
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Fig. 2 Hydrograph and Chemographs for the Snowmelt Runoff Event 20.12 83. 
organic carbon. Assuming that s i m i l a r metal complexation s tabi 1 i 
constants e x i s t for the dissolved and p a r t i c u l a t e organic carbon cor rot; no?. 
then particulate organic carbon is more important for the solid/aaueous 
phase partitioning of the metals. Dissolved chloride l e v e l s ( F i g . 2(a)} are 
fairly high throughout the hydrograph but reach elevated concentrations, 
s i m i l a r to those in sea water, during the r a i n f a l l event. It is procablc. 
therefore, that chl oride wi11 cause significant metal solubi1isati on 
particularly during the washcff processes associated with the onset of the 
rainfall event. The pH values at the outfall (Fig. 2(b)) show only a small 
variation between 6.7 and 7.4. This neutral pH occurs despite an incoming 
rainfal 1 pH of 4.0 and is apparently due to stormwater buffering which 
occurs between the road surface and the end of pipe. 
The chemographs for the Electrochemically Available fractions of the dis­
solved metals show that bioavailable Cd and Pb (Fig. 2(c)) have similar 
loading variations to the control 1ing parameters described above and in 
particular dissolved chloride, except that Cd has a fairly high value early 
in the snowmelt period. The Pb distribution can be explained by its 
affinity for the particulate phase (Morrison and others 1984b). During the 
early stages of snowmelt, the slow continuous release of solids results in 
high concentrations (up to 1075 ug g~") of particulate associated Pb. It is 
probable that much of this Pb originates from vehicular emissions which 
become attached to particulates lying on the road surface. At the onset of 
rainfal 1 a high suspended sol ids concentration occurs but the resulting 
sol ids are stripped of Pb by the associated high chloride 1evels. The 
result is a rapid rise in the loading of bioavailable dissolved Pb which 
attains a peak concentration of 330 ug 1"
A
. 
Cd shows high dissolved bioava i'lable concentrations at the onset of both 
snowmelt and r a i n f a l l , with concentrations of up to 12.5 ug 1~ . This 
demonstretes both the ease with which washoff of scluble Cd occurs ( E l l i s 
and Revitt 1982} and i t s simi 1 ari ty to Pb in the abi 1 ity to form streng 
chloro-complexes. 
The 1oadings of Electrochemically Avai1able Zn and Chelex Removeable Cu 
(Fig. 2(d)) show early small peaks and a delayed response for the main peak 
compared to other parameters. Thus Zn and Cu are présent in their lowest 
bioavai1able concentrations at the onset of the rainfal1 event. The high 
suspended solid and parti cul ate organic carbon concentrations probably 
control the partitioning of thèse meta!s at this stage and the soluble 
levels increase only as thèse decrease. Zn and Cu originate predominantly 
from roof and surface corrosion and have peak di ssolved bioavai1abl e 
concentrations of 558 pg and 146 ug 1~* respectively. 
Metal Speciation through_the Snowmelt Event 
The metal speciation distributions in the three distinct parts of the 
snowmelt event are identified in Fig. 3 together with previous stormwater 
results observed for Bergsjön. For all four metals, the early snowmelt and 
recessional limb stages show similar proportions of metal species to the 
averaged stormwater events. However, there is a tendency for less total 
metal to be found in the stormwater dissolved phase probably because of the 
présence of lower dissolved Chloride concentrations compared to the snow­
melt. The overall dissolved organic carben concentrations and pH values are 
similar in both snowmelt and stor:>.a*„£r. 
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At the commencement of the r a i n f a l l event the dissolved chloride conce--
trat ions increase and result in a s t r i p p i n g off of about 50 percent o~ 
Exchangeable Pb. The Pb then takes the form of Eiectrochemically A v a i l a b l e 
and Chelex Removeable species, with no significant addition to the Stronc.lv 
Bound fraction. On the recessional limb the Pb distribution pattern again 
becomes comparable with that during early snowmelt. 
Even at the low chloride concentrations of stormwater which occur in 
autumn, Cd is still very soluble and therefore of considerable potential 
toxicity. The relatively high chloride concentrations during all stages of 
snowmelt mean that the Exchangeable fraction of Cd in the suspended s o l i d s 
is unimportant. 
The decrease of dissolved bioavailable Zn and Cu loadings in the rainfall 
event, and for Cu on the subsequent hydrograph recessional 1imb, can be 
explained by uptake into the Organic fraction of the suspended solid phase 
{Fig. 3). The distribution of the metals between the fractions confirms 
that for Zn and Cu the particulate organic carbon is an important control 
during snowmelt conditions when suspended solids loadings are high. 
The Electrochemically Available fraction is occasionally higher than the 
Chelex Removeable fraction, particularly for Zn and Cd in snowmelt samples. 
The electrochemical technique may therefore, in these instances, be 
detecting some metals which are relatively strongly bound and yet inert to 
Chelex-iOO. Florence (1932) and Batley (1983) have accounted for these 
k i n e t i c problems by suggesting that the l a b i l i t y concept of Figura and 
VcDuffie (irSCJ is not a;v:ays applicable in natura! water syster/.s. 't cp'jlc 
also be the case in stormwater that dissolved organic carbon, in create*" 
-H9-
concentrations than r i v e r or sea water, may readily attach to the surface 
: t h e chelating resin and so prevent the metal ion exchange process. 
Dissolved and Suspended Solid_Phase Interaction Mechanisms 
"ne results for previous stormwater data (Morrison and others 1984a) and 
the snowmelt event described in this paper, have been consolidated to 
provide two possible mechanisms for metal uptake onto, and release from, 
suspended sol ids. 
1. Metal adsorption onto the particulate surface. 
Harrison and Wilson (1983) have demonstrated that at low suspended sol id 
concentrations, which are usually associated with 1 ow f 1 ow conditions, 
small particles containing elevated metal l e v e l s are preferentially washed 
off the urban surface. During higher f1ows which al so contain larger 
particles, rather lower suspended solid metal concentrations are found and 
it has been proposed that the hydrodynamic sorting of highway surface dust 
might explain these results. However, metal concentrations in stormwater 
solids are generally much higher than even the fine fractions of road dusts 
(Morrison and others 1984 b). A surface area uptake theory adequately 
explains the relationship between particle size and metal concentration. A 
plot of spherical particle diameter (ym) versus surface area per unit 
2-1 " 
weight (cm g" ) gives a hyperbolic relationship. 
A similar relationship between suspended solid concentrations and the 
concentrations of particulate associated metals (Table 1) 'has been found 
- :r urban catchments in Sweden and trie L'. r;. If i t is accepted that small 
particles are prevalent during low flow conditions then the resul t s show 
that surface area related uptake is an important mechanism for particulate 
-ElO-
Table 1. The Relationsnip between Suspe:.ced Solid Concentration mg 1 
(X-axis) and Suspended S-jl id : sociated Métal Levels VJG g 
(Y-a.xis). 
Equation Linear t -lest 
YX = X. Regression significance 
for logged % 
équation 
Zn Stooiwacer, Bergsjön, Sweden* YX " = 15,690 0.52 95 
0.26 
SnowmeU, Bergsjen, Sweden YX = 1,827 0.32 80 
1.44 
Cd SCormwater, Oxhey, U.K.* YX = 11,473 G.79 99 
0.4S 
Snou-rnelc, Bergsjön, Sweden YX = 20 0.43 SO 
0. 31 
Pb Stormvater, Bergsjön, Sweden* YX = 2,0^ 9 0.23 SO 
0.53 
Snowraeit, Sergsjön, Sweden YX = 5,045 0.69 90 
0.5 
Cu Stormwater, Bergsjön, Sweden* YX = 7,188 0.33 90 
0.89 
Snowmelt, Bergsjön, Sweden YX = 117,809 0.95 90 
* Data from Morrison and others (1984a) 
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metal transport. The r e l a t i o n s h i p could be u s e f u l l y applied to the modellino 
of stcrmwater and snowmelt metal discharges from urban areas. 
The proposed mechanism fo r metal transport would envisage that during 
rainfall , which usually has a pH of 3.5 to 5.0 at Bergsjon, some heavy 
metals are washed off the urban surface and s o l u b i l i s e d . Somewhere between 
the urban surface and the storm sewer outfal 1 the pH is buffered up to 
between 6.5 and 8.0, and the dissolved metals become adsorbed onto the 
surface of the suspended solids. 
The evidence from Fig.3 suggests that particulate organic carbon may play a 
significant role in this mechanism, adsorbing metals onto the surface when 
a sufficient increase in pH has occurred. The extent of this uptake depends 
on the surface area of the particl es. A certai n amount of each metal 
remains in the dissolved phase and in stormwater significant correlations 
have been found with dissolved organic carbon (G.M.P. Morrison, unpub. 
data). However, in snowmelt ionic strength is al so regulating metal 
partitioning between the dissolved and suspended solid phases. 
2. Ionic Strength. 
The above process is counteracted in sncwmelt by the independent action of 
ionic strength. High ionic strength occurs in stormwater runoff when urban 
surfaces are heavily sal ted during periods of snowfal1. A compari son of 
Fig. 2(a) and (b) shows that considerably greater loadings of dissolved 
chloride were discharged duri ng the moni tored snowmelt event than for 
either dissolved or p a r t i c u l a t e organic carbon. The high chloride concen­
trations a s s i s t desorpti on of heavy metals from the suspended so l i d s in to 
-E12-
the '^Lssolved phase, especially for metals which form streng chloro com-
;;]e--:s such as Cd and Pb. Relatively h ich levé! s of Chloride, such as those 
founo in snowmelt runoff, must be présent for this process to be important. 
The ï-esults of this work suggest that the influence of h i g h chloride levels 
is the most important factor control1ing Pb and Cd distributions between 
the solid and aqueous phases. For Cu and Zn parti cul a te organic carbon 
appears to be the most important Controlling parameter, especially when 
high suspended solid loadings are présent. 
ïï}Ë_Ï2^ iE_IïTP^ 9Ï_2Ï_!JË^ Ï-ï_!!?ËÎ
a
l5_^ D_§
no
^
I
I?Ë^ tRunoff to Freshwater Life 
Both EPA (EPA 1984) and EEC (Mance and O'Donnell 1984) standards have been 
consioered with regard to potential toxic impacts on freshwater life in 
receiving waters. Only the proposed EPA recommended standards take account 
of intermittent discharges and thèse are listed in Table 2 together with 
the time period that thèse levels were reached and exceeded in the snowmelt 
event. It is important to point out that thèse must be considered to be 
minimum effects as the EPA threshold values are for total métal concen­
trations which are compared to the bioavailable dissolved métal values 
determined in this study. It is also recognised that there will be further 
dilution of métal concentrations on entering the receiving stream. 
Table 2 shows that Zn, Cu and Cd in the outfall waters exist for considér­
able periods above the threshold limit, while Cu and Cd exceed the levé! of 
significant mortality for 59 and 12 percent of the snowmelt respectively. 
Cu e>ceeds this levé! during both early snowmelt and throughout the 
•'êtes: • on al ; imb of the hydroçraph. The cresence o
f
 ni g h suspended so! i d 
loadings during the rainfall stage of the event (Fig. 2) rapidly lowers the 
soiuble concentration to a value below the toxicity threshold. Cd exceeds 
-E13-
Table 2. EPA Recommendations for intermit^ .-.: sure and the Percentage 
Time for which these Values were e.treoec in Snowmelt Runoff. 
EPA Threshold Toxicity 
î'îe ta I Concent ra t i on 
ug 1 - i exceeded 
EPA Significant Mortality 
Metal Concentration Time 
, - i * 
uc i * exceeded 
% 
2n 
Cd 
Pb 
Cu 
380 
3 
150 
20 
61 
42 
3.6 
77 
S70-3200 
7-160 12 
350-3200 
50-90 59' 
* Data from EPA (1984) 
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the s i ç n ï f ï c c n t mortality level during the f i r s t stage:- of early snowmelt 
and the r a i n f a l l event but decreases as the chloride loacings are depleted. 
These resuit s can be compared with a previous study of the B e r g s j Ö n urban 
catchment (Malmqvist 1983) in which average total heavy métal concentra­
tions were determined for 19 storm events over a year. For Zn. Pb and Cu, 
53%, 63% and 100% respectively of the storm events contained average total 
métal concentrations above the toxicity threshold value in Table 2. This 
suggests a significant intermittent impact on receiving waters which is 
underlined by the 11% (Zn), 16% (Pb) and 9b% (Cu) of the storms which were 
also above the significant mortality level. 
Acknowledgements 
We gratefully acknowledge financial support from the UK Natural Environment 
Research Counci1 and the National Swedish Environment Protection Board. 
Börje Sjöl ander and the Department of Anal ytical Chemistry, Chai mers 
University of Technology, Göteborg, Sweden have also provided considérable 
assistance with the instrumentation. 
-E15-
Réfère
1
 :es 
1. A r r . e l l , . (1960). Description and Validation of the CTH-Urban Runoff 
Model. -eport Séries A:5, Dep. of Hydraulics, Chalmers University of 
Technology, Gbteborg, Sweden. 
2. Batley. G.E. ( 1983). The Current Status of 'Trace Element Speciation 
Studies i n Natural Waters. NATO Conf. Ser. Vol. 6.
 ,!
Trace El ement 
Speciation in Surface Water and its Ecological Implications". Ed. 
Leppard G.G., Plénum Press, 17-36. 
3. EPA Toxicity Guidelines (1983). Final Report to the Nationwide Urban 
Runoff Programme. Vol. I, Water Planning Oivison, U.S. Env. Prot. 
Agency, Washington D.C. 
4. Ellis, J.B. and Revitt, D.M. (1982). Incidence of Heavy Metals in 
Street Surface Sédiments: Solubility and Grain Size Studies, Wat. Air 
and Soil Poil.,17, 87-100. 
5. Figura, P. and
-
 Me Duffie, B. (1980). Détermination of Labilities of 
Soluble Trace Métal Species in Aqueous Environmental Samples by Anodic 
Stripping Voitammetry and Chelex Column and Batch Methods, Analyt. 
Chem., 52, 1433-1439. 
6. Florence. T.M. (1982). Development of Physico-Chemical Speciation 
P r o c é d u r e s to Investi gâte the Toxicity of Copper, Lead, Cadmium and 
Z"
:
-; L C-::rds Aquatic B i o t a , Analytica Chinica Acta, -41, 73-94. 
- E 1 6 -
7. Florence, T.M. Iumsden, E.G. ano Faroy. ¿.¿. . ;983-. Evaluation of 
SGîr.e Physico-Cher.îccl Techniques for the ^ c ; e r ~ - - t t i o n of the Fraction 
of Dissolved Copper Toxic to the Marine Diatcm );itzschia c 1 ostenium, 
Analytica Chimica Acte, 151, 281-295. 
8. Harri son, R. M. end Wilson, 5.J. ( 1933). Heavy Ketal Pollution of Road 
Drainage Water. 4th Int. Conf. Proc. "Heavy Métal s i n the 
Environment", CEP Consultants, Edinburgh, Vol. I, 584-687. 
9. Malmqvist, P.A. (1983) Urban Stormwater Pollutant Sources. - An 
Analysis of Inflows and Ûutflows of Ni trogen, Phosphorus, Lead, Zinc 
and Copper in Urban Areas. Diss. Séries, Dept. of Sanitary Engineering, 
Chalmers University of Technology, Göteborg, Sweden. 
10. Mance, G. and 0" Donnell, A.R. (1983). Application of the European 
Communities Directive on Dangerous Substances to List II Substances in 
the UK., Water Sei. Tech., 15, 159-169. 
11. Morrison, G.M.P. (1983). Heavy Métal Speciation Studies of Natural 
Waters: A Review. Middx. Polytechnic, Urban Pol 1. Res. Centre, UK. 
Res. Rep.8, 85 p. 
12. Morrison, G.M.P., Revitt, D.M., Ellis, J.B., Balmër, P. and 
Svensson, G. (1984a). The Physico-Chemical Speciation of Zinc, 
Cadmium, Lead and Copper in Urban Stormwater. 3rd Int. Conf. Proc. 
"Urban Storm Drainage", Ed. Balmér, P. et al., Chalmers University of 
Technology, G ö t e b o r g , Sv/eden. Vc" . 3, ÏSJ-".!;C. 
- E l ? -
Morrison, G.M.P., Revitt, D.M., El 1 i s, J.B., Belmer, P. 
Svensson, G. ( 1984b). Variations of Dissolved anc Suspended S 
Heavy Metals through an Urban Hydrograph. Env. Techn. Lettr 
313-318. 
Vuori nen, A. (1983). Emission of L ead by Highway Traffi c: 
Fixation and Speciation. 4th Int. Conf. Proc. "Heavy Metals in 
Environment", CEP Consultants, Edinburgh, Vol. I, 159-162. 
-E18-
PCS7E2 CONTRIBUTION TO THE 3QTH INTERNATIONAL CONGRESS OF PJRc AMD APFLI 
CHEMISTRY: 9 - 12 SEPTEMBER 1935. 
SECTKri 1. ANALYTICAL, C. ENVIRONMENTAL ANALYSIS 
A PHYSICO-CHEMICAL SPECIATION SCHEME FOR THE ANALYSIS OF CADMIUM, 
COPPER, LEAD AND ZINC IN URBAN STORMWATER RUNOFF 
G.M.P. Morrison, D.M. Revitt and J.B. El Lis 
Urban PoLLution Research Centre, Middlesex Polytechnic, Enfield, 
Middlesex, EN3 4SF, England. 
A speciation scheme has been devised which provides a relatively rapid 
technique for separating the dissolved and suspended solid phases of 
stormwater into fractions which possess differing degrees of metal 
bioavailability. The soluble phase is defined as that which passes 
through a 0.4 um Nucleopore polycarbonate f i l t e r and is subsequently 
separated into 3 fractions. The Electrochemically Available Fraction, 
which can be directly compared to the bio-available metal, is 
determined by Differential Pulse Anodic Stripping Voltammetry (DPASV). 
A batch extraction with Chelex-100 CCheLex Removable Fraction) enables 
those metals which are more strongly complexed to be estimated and the 
Strongly Bound Fraction is assessed foLlowing metal solubilisation by 
digestion with an oxidising mixture of concentrated nitric and 
perchloric acids (9:1 v/v). 
The suspended solid phase is divided into 3 fractions, which are 
indicative of the ease of metal release to the soluble phase, by a 
series of sequential extractions. The Exchangeable Fraction, obtained 
by treating with 1M MgCL^  represents those particulate associated 
metals which may readily transfer to the dissolved phase under normal 
pH conditions. The more strongly bound metals in the combined 
Carbonate and Hydrous Metal Oxide Fraction are determined by leaching 
with a solution of Q.04M hydroxylamine hydrochloride in 25% acetic 
acid and the remaining organically bound metals (Organic Fraction) are 
estimated by DPASV analysis after concentrated acid digestion. 
Application of this speciation scheme to urban stornwater samples 
indicates that potentially toxic forms of the metals in the dissolved 
phase (ElectrochemicaLLy Available) and in the particulate phase 
(Exchangeable) can account for 63% of the total Zn, 77% of the total 
Cd, 66% of the total Pb and 32% of the total Cu, 
- F l -
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THE CONTINUOUS ON-LINE MONITORING 
OF ENVIRONMENTAL POLLUTANTS 
IN STORMWATER 
by G. M. P. MORRISON, B. SJÖLANDER and G. SVENSSON, Department of 
Sanitary Engineering, Chalmers University of Technology, 
S-412 96 Göteborg, Sweden 
Abstract 
A monitoring system is described which provides continuous measurements of selected pollutants 
in stormwater. 
The system, which has been installed at both the outfall to a stormwater pipe system and 
in a gullypot, is sensitive to changes in pH, conductivity, dissolved oxygen concentration-
temperature and redox potential. 
At the stormwaier outfall monitoring staiion rapid changes of conductivity and turbidity 
are associated with the incoming rainfall, while the p H change is less sensitive due to road 
surface and in-pipe buffering. Temperature changes provide an indication of in-pipe water 
reservoir flushing. 
The gultypot exhibits a significant drop in redox potential and dissolved oxygen concentra­
tion with incoming road runoff due to the mobilization of oxygen demanding, reduced bottom 
sediments and associated interstitial waters. During storm events the road surface material 
and the gullypot contents act as buffering media. Significant buffering of the gullypot water 
occurs between storm events due to the dissolution of the gullypot cement structure. 
Sammanfattning 
Ett má'tsystem beskrivs for kontinuerlig observation av utvalda dagvat tenföroreningar . Mät -
systemet, som har installerais í en maistation for dagvattenavrinning och i en rännstensbrunn. 
k-an registrera förandringar i flöde, pH-värde, konduktivitet, syrekoncentration. temperatur 
och rcdoxpotentiaL 
I dagvattenavrinningen har stora förandringar i konduktivitet och turbiditet observerais, 
viika samvarierar med rcgnimer.siteten. Genom buf fertverkan frän vägytor och ledningar 
förändras pH-värdet i mindre grad. TemperaturfÖrändringar kan visa pa utflöde av vatten 
som magasinerais i ledningar och rännstensbrunnar. 
Vattnct ¡ rännstensbrunnen visar en betydande sänkning i redoxpotential och koncentration 
av löst syre när de syrekrävande, reducerade bottensedimenten sátts i rörclse av inkommandc 
vatten. Mcdan avrinningen pagär buffras dagvattnet av ytmatcriaiet pâ gatan och tnnehallet 
i rännsrensbrunnen. Under torrperioder buifras vattnet i rännstensbrunnen genom ut'lösning 
av cement frln väggarna i brunnen. 
Introduction 
The concinuous monitoring of environmental 
pollutants éliminâtes many of the probisms 
assocîated with discrète sample collection and 
off-line analysis. 
In this paper wc discuss the design of and 
présent some results for a continuous flow System 
which has been used to détermine fluxes of con­
taminants in stormwater and through a roadside 
gullypot. 
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Continuous on-line monitoring system 
The system has been instaMed at the outfall to 
an urban stormwaier pipc network in Bergsjön, 
Göteborg and adjacent to a roadside gullypot at 
Chalmers ünivers i ty of Technology. Göteborg. 
Continuous measurements at a stormwater 
s a m p Ü n g Station 
Bergsjön is a 15.4 hectare residuntial catchment in 
the northeast suburb; of Göteborg. The outfail 
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Figure 1. The continuons monitoring system inside the 
Bergsjôn field station. 
from rhe catchment drains into a small stream 
which enters the Save river. Tne continuous 
monitoring system has been installed inside the 
sampling station at the outfall (Figure 1). 
Before sampling, the turbidity is recorded in 
the stormwacer pipe to give an indication of 
suspended solid concentrations. Water level is 
measured over a calibrated V-notch weir by an 
ultrasonic sensor. 
Water is continuously withdrawn from the 
baseflow, through a 20 mm P V C pipe, by a 
Johnson F5B-1 Impellor pump at a rate of 34 
litres min"1. After passing through a sampling 
header tank the water flows into the continuous 
monitoring system passing initially through a 
S mm nozzle and into a 12 mm diameter PVC 
tube at a rate of 0,7 litres min"1. This final flow-
rate is stable during storm events. 
The continuous flow system is constructed from 
a sealed PVC pipe of 70 mm diameter and 500 
mm length. A J 4 mm diameter hole on top of the 
pipe allows entry of'the water, while the outlet is 
a 16 mm hole at the end of the system. This 
results in a flow depth during normal operation 
of 38 mm. Further holes allow the insertion of a 
series of sensors, which include a conductivity 
electrode, a temperature sensor and a p H electrode. 
The electrode signals, which are amplified to 
between 0 and 10 mV. are recorded on a Chino 
12 channel chart recorder. Facilities have now 
also been instilled to digitally record the data 
utilising an ABCS0 microcomputer. A program 
has been specially written for the system called 
" C T H V A l " . The system also includes possibilities 
for computer controlled bottle sampling. 
Calibration of the electrodes is carried out at 
least once a week, but apart from this the system 
requires very little maintenance. However, during 
storm events a high level of suspended solids may 
create blockages in the system. This has been 
</'•//////////•• ' 
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Figure 2, The continuous system ¡ör monitoring the 
contents of a gultypot. 
prevented by attaching a 5 mm plastic mesh 
around the inlet pipe to the sampling tank and 
also around the continuous system inlet nozzle. 
The temperature sensor provides a useful indicator 
of system blockage as the readings equilibrate with 
the external temperature of the field station when 
the flow has stopped. 
Monitoring a roadside gullypot 
This system has been designed to continually 
sample gullypot water content and to provide a 
record of pH, dissolved oxygen, conductivity and 
redox changes with time (Figure 2). 
Water is pumped out of the gullypot, through 
an opening in the basement wall, via a strength-
\ 
Figurę 3. The contlnuous on-!ine monitoring system 
for ihe gullypat. 
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ened 12 mm diameter plastic pipe and returned 
to the gully pot in the same manner after passing 
through a small jabasco ccg wheel pump and 
the on-line measurement system. A water flow 
rate of 2.6 litres min"1 allows a water depth of 
30 mm to be maintained in the continuous system 
which is high enough to prevent blockage by 
solids. In this way the guilypot contents are 
recycled every 0.3 hours during dry conditions. 
Cleaning of the pipes is achieved by reversing 
Figure 4, Continuous storm ctjt* /or the Bergsjon jield 
station. Time in min commencing 17.00. 
the pump and flushing with 2—3 litres of distilled 
water. This procedure is normally repeated twice 
a week or more frequently during periods of 
heavy rainfall. 
The continuous monitoring system is a sealed 
PVC pipe of 50 mm diameter and 4 0 0 mm length, 
with an inlet of 13 mm diameter and an outlet 
of 25 mm diameter at the opposite end. Dissolved 
oxygen, combined redox potential, combined pH 
and conductivity electrodes are positioned, cali-
VATTEN -2-85 
bratcd and the signals recorded in the same way 
as at Bergsjon. 
A gullypot road runoff sampler, constructed at 
the University of Lund, is installed in the gullypot. 
Flow into the sampler is measured through a J C 1 1 
V-notch weir and detected by a conductivity cell. 
Results of continuous storm dato from 
the stormwater sampling station 
A typical storm profile from the Bergsjon storm-
water sewer system is shown in Figure 4. 
An increase in the incoming flow is followed 
immediately by changes in conductivity. This 
indicates dilution of the baseflow, which usually 
contains 100—200 mg Cl I"1, by the incoming 
rainfall and runoff. On the recessional limb of 
the storm event the higher baseflow conductivity 
is re-established. 
The change in pH is slower and does not re-
present the rainfall pH, which is typically en. 4.0. 
During storm events buffering can be attributed 
to the washing of road surfaces and the flushing 
of gullypots on the catchment. In addition it is 
thought that dissolution or the cement in the 
concrete pipe network is an important source of 
bicarbonate ions. The contact time of rainfall 
with the rather large surface area of the storm 
sewer pipes may be up to a few minutes between 
the catchment and end-of-pipe. 
Changes in turbidity have been gravimetrically 
calibrated with samples of stormwater solids and 
provide an important indication of suspended 
solid transport rates. As is evident from Figure 4 
variations or turbidity are characterised by a 
"first flush" followed by a less important 
"secondary flush". For 190 storm events, moni-
tored in this way during 1983 and 19S4, 54 °.'o 
were characterized by a "first flush" in terms of 
turbidity. It can be argued that the "first flush" 
is a combination of road surface, gullypot and 
in-pipe sediment washoff. The energy for road 
surface sediment washoff is created by the process 
of surface wetting, rainfall intensity and hydraulic 
surface flow. Gullypot and in-pipe sediment 
mobilization are dependent on the water flow 
energy and the nature oi the sediments. 
Temperature changes generallv follow conduc-
tivity and pH, with a decrease in temperature 
associated with incoming rainfall. However, the 
slight increase in temperature at the very be-
ginning is characteristic of most storm events m 
autumn. Gully pots arc the only reservoir of rela-
tively warm water, compared to baseflow. and 
their flushing at the commencement of the storm 
event seems the most likely explanation for this 
initial temperature increase. 
Interpreting storm data from the 
roadside gullypot 
The continuous data obtained from the gullypot 
shows rapid changes and is less complicated than 
the response at the end of the stormwater pipe 
network (Figure 5). The gullypot has a standing 
volume of 41.5 litres. 
Two distinct types of storm' event have been 
observed in the gullypot, as seen in Figure 5 a 
and Figure 5 b. 
A small rainfall event of 128 litres runoff is 
shown in Figure 5 a, which is only sufficient to 
mix, but not 'Completely flush, the gullypot. 
A lag period ot 5 min is observed between the 
commencement of flow and any observed change 
in either dissolved oxygen or redox potential. The 
significant drop which eventually occurs in redox 
potential and dissolved oxygen concentration re-
presents a mixing of the reducing, oxygen de-
manding interstitial water and bottom sediments. 
At the same time a mobilisation of sediment 
associated salts and organics occurs which cause 
a general increase in conductivity at the end of 
the storm event. 
The reading for.pH generally increases be-
tween storm events from ca. 4.5 up to 7.0, because 
of dissolution of the gullypot cement structure. 
Howevr. despite a measured incoming rainfall 
pH of 4.0 and complete sediment mixing after 
D mm, pri changes witnin the gullypot lag 14 min 
behind the commencement of flow. This represents 
the residual buffering capacity of the gullypot. 
The resultant titration curve is a slight over-
estimate of the guliypot buffering capacity as the 
road surface and its associated sediments also 
buffer the acidic rainfall. 
A second type of rainfall event is shown in 
Figure 5 b. This is a heavy summer storm of 4750 
litres runoff which mixed and washed out most 
of the gullypo: contents. 
In the early stages of the storm the pH, dis-
solved oxygen and redox potential changes are 
typical of gullypot mixing. The next 30 min is 
characterised by a washing of the gullypot with 
rainwater which causes a drop in pH and con-
ductivity and an increase of redox potential and 
dissolved oxygen. During the subsequent heavy 
rainfall further reducing sediment is remobilïsed, 
causing a drop in redox potential and a cor-
responding increase of pH. This shows that the 
residual buffering capacity of the gullypot may 
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F i g u r ę 5 a. Continuom flow and pollutant moni-
toring for a smali storm eveni in tbe guliypot. 
Time in min commencing 03.00. 
be inereased during intense rainfall due to further of dissolved oxygen concentration is observée 
bottom sédiment mobilisation. 
Rainwater is saturated with dissolved oxygen 
and so dissolved oxygen concentration remains 
hïgh un'til the storm event is over. The peak 
concentrations correspond with high gullypot 
water infïows. After the rainfall a slow decrease 
V A T T E N -2-85 
which may be related to bacterial respiration. 
Condusion 
The continuous on-iine system ailows detalled 
monitoring of selected pollutanu in stormwater. 
-G5-
CHALMERS GULLYPOT 28 JL'LY 1984 
\ _ — F i g u r ę 5 b. Continuom flow and pollutant monitoring 
• for a btavy summer storm event in the guliypot. Time 
. f in min commencmg 13.00. 
The system requires calibration once a week and 
should be checked more frequently in cases of 
suspected blockage by solids. 
It is suggested that the system might find wider 
fields of application in water research projects 
involving the continuous monitoring of river and 
estuarine water, of combined and separate sewer 
discharges, or even of industrial effluent dis-
charges. 
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